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Chapter 1 

An Introduction to Instrumentation 
Used in Fire Debris and Explosive 
Analysis 


Ga 


Kenyon Evans-Nguyen 


Learning Objectives 


e Introduce basic principles for instrumentation commonly used in fire debris and 
explosive analysis. 

e Understand the criteria for choosing the instrumentation that is the best fit for the 
purpose of specific analyses. 


1.1 Background 


The major focus of forensic chemists is to answer the question “What is this 
unknown material?” In fire debris and explosive analysis, the forensic chemist is 
typically attempting to identify an ignitable liquid or explosive material. Modern 
analytical instruments are the primary tools used to answer this question. 
Representations of forensic science in popular culture tend to significantly under- 
state the work and expertise associated with obtaining usable data from instru- 
mentation and overstate the ease of interpreting the subsequent data. Forensic 
instrumentation requires significant training to operate properly and to understand 
the data the instruments can produce. Forensic chemists train in standard operating 
procedures (SOPs) for using instrumental methods when they are initially hired, 
building from their academic science education. While whole books are written for 
each of the techniques that will be discussed, this chapter will provide a brief 
overview of instrumentation commonly used in fire debris and explosive analysis. 
Subsequent chapters will provide more detail about sample preparation methods 
specific to each type of fire debris and explosive evidence discussed. 
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Before doing any analysis, the forensic chemist must decide what type of 
instrumental method to use. Even when the technique to be used is dictated by 
laboratory SOPs, it is still important for the scientist doing the analysis to under- 
stand why that method is a good fit for that purpose. For example, some instruments 
give elemental information, while others can potentially give molecular informa- 
tion. Each of these is useful, but the examiner must understand which technique or 
combination of techniques will provide the information that is necessary for the 
particular sample at hand. 

Analytical methods are generally classified as qualitative or quantitative. 
Determination of the identity of a substance is a qualitative analysis. This is in 
contrast to quantitative analysis, which is a determination of the concentration of a 
compound after the identity is known. Quantitative analysis is central to forensic 
toxicology and some other forensic disciplines, but the analysis of fire debris and 
explosives is primarily qualitative analysis. One of the most important scientific 
criteria in qualitative analysis is selectivity. Selectively is how well a technique can 
distinguish between closely related compounds [1, 2]. Stated differently, it is how 
unique the signal generated from a technique is to a specific compound; the more 
compounds that can yield the same signal for a technique, the less selective the 
technique. Presumptive, or screening, tests are low sensitivity techniques that are 
often employed on scene or in the laboratory. These tests, such as color tests or 
ignition susceptibility tests, are typically rapid, simple tests, but give the same or 
similar result to a large range of chemical compounds. There are over 140 million 
known organic and inorganic compounds [3, 4]; screening tests can be useful in 
reducing that number of all possible compounds to a list of tens or hundreds of 
compounds. They may be used by law enforcement to provide probable cause in an 
investigation, help ascertain the safety of an unknown material found at a scene, or 
help an examiner determine an appropriate analysis scheme. However, the results of 
a screening test alone are not reliable enough to use in court testimony. As such, 
definitive or confirmatory tests are needed. Definitive tests rely on instrumentation 
for unambiguous identifications. Examples of such tests include mass spectrometry 
and X-ray diffraction. Some instrumental methods, including chromatography, are 
more selective than screening tests, but are not sufficient for identification. 
Identifications based on such data are often described as preliminary identifications. 
To obtain unambiguous identifications appropriate for use in court testimony, 
multiple techniques are used on the sample, such as pairing gas chromatography 
with mass spectrometry or combining the results of multiple preliminary methods. 

Instruments must be used under appropriate conditions with the compound of 
interest, the analyte, in an appropriate state (solid, pure liquid, gas, solution) for 
reliable identification (Table 1.1). Another important consideration when selecting 
instrumentation for analysis of solutions is the working range. The working range 
is the range of concentrations between what will yield the lowest acceptable signal 
levels (often three times the signal-to-noise ratio) and what is so high that it distorts 
the signal; large working ranges are desirable. For qualitative analysis, the con- 
centration of the sample is only significant in that it needs to be within the working 
range. While too little sample will yield an instrument response that falls below 
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Table 1.1 Synopsis of sample requirements for common instrumentation used in analysis of fire 
debris and explosives 


Technique Sample Type of Other considerations/notes 
state identification 
High-performance liquid Solution | Preliminary | Assuming a UV detector is used 
chromatography (HPLC) 
Gas chromatography/flame Solution, | Preliminary | No aqueous solvents 


ionization detector (GC-FID) gas 


Gas chromatography/electron | Solution, | Preliminary | Selective for specific functional 
capture detector (GC-ECD) gas groups 


Ion chromatography (IC) Solution | Preliminary | Assuming a conductivity detector 


Capillary electrophoresis (CE) | Solution | Preliminary | WS used; when paired with MS 
detector, considered definitive for 


a given ion 

Gas chromatography/mass Solution, | Definitive Detectable concentration range 
spectrometry (GC-MS) gas and resolution depend on ion 
Liquid chromatography/mass | Solution | Preliminary/ | Source and type of mass analyzer 
spectrometry (LC-MS) definitive 
Attenuated total reflectance Liquid, Definitive Solutions can be analyzed by 
(ATR) Fourier transform solid allowing the solvent to dry 
infrared spectroscopy (FTIR) 
Raman Solution, | Definitive 

liquid, 

solid 
X-ray fluorescence (XRF) Solid Preliminary/ | Unambiguous elemental analysis; 

definitive definitive for ID of pure elements 

X-ray diffraction (XRD) Solid Definitive Solid is ground to fine powder 
Scanning electron microscopy | Solid Preliminary/ | Unambiguous elemental analysis; 
(SEM) with energy-dispersive definitive definitive for ID of pure elements 


X-ray spectroscopy (EDS) 


acceptable levels (as defined in the SOP), too much sample distorts the signal in 
some instruments. Additionally, too much sample can contaminate or damage 
sensitive instrumentation, requiring that the instrument be taken off-line for 
cleaning and repairs. Contamination is unacceptable in a forensic laboratory, and 
when it occurs, work on the affected instruments stops until the issue is resolved. 

Beyond the scientific criteria discussed, there are important practical criteria to 
consider including cost, analysis time, convenience, and required skill of the 
operator. Nuclear magnetic resonance (NMR) is an example of a definitive tech- 
nique that is widely used in other fields, especially organic chemistry, and rarely 
used in forensic chemistry. The selectivity of NMR is excellent, and the working 
range is acceptable for most forensic analysis. However, NMR is not easily auto- 
mated, which increases overall analysis time and is less convenient. Further, the 
instrument requires significant maintenance of the cryogenic system and highly 
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trained operators. This example is not meant to denigrate NMR, a powerful ana- 
lytical technique, but to demonstrate that practical considerations are especially 
important in forensic chemistry, even in comparison with other fields of analytical 
chemistry. 


1.2 Chromatographic Instrumentation 


1.2.1 Theory of Chromatography 


At the core of chromatography is the separation of the components of a mixture 
from each other. The most common chromatographic techniques used in fire debris 
and explosive analysis are liquid, gas, and ion chromatography. These chromato- 
graphic techniques are column-based; separations are achieved through differential 
retention of compounds on the column substrate. The stationary phase coats the 
interior of the column or is packed in the column and interacts with the components 
of a sample. The mobile phase, which may be either a solvent (e.g., LC, IC, and 
CE) or gas (GC), is used to push the sample through the column. During analysis, 
the components of a sample mixture may interact either with the stationary phase or 
with the mobile phase. The result of a chromatographic analysis is a chromatogram, 
where the x-axis is time, the y-axis is abundance, and components of a mixture are 
represented as peaks. The time between a compound entering a column and fully 
leaving the column, or eluting, is known as the retention time (t,). If a compound 
has no interaction with the stationary phase, it is said to be unretained and will 
elute quickly after injecting onto the column. When an analyte of interest is 
unretained in a chromatography system, that system is likely inappropriate for 
analysis of that analyte. For example, liquid chromatography (LC) analyses typi- 
cally use differences in polarity as the basis for separation; the stationary phase is 
often nonpolar with a polar solvent as the mobile phase. Most organic compounds 
will have some interaction with the column and be separated. However, ionic 
species such as nitrate and perchlorate have no interaction with a nonpolar column 
and are unretained. 

If the experimental conditions are carefully controlled, the retention time is 
highly reproducible. When the examiner suspects that a sample contains a certain 
compound, they will run a known standard for that compound and the sample under 
the same conditions. If the retention times for the peak in the standard and the 
sample are consistent, the compound can be preliminarily identified. Identification 
based on retention times in chromatography is only preliminary; chromatography is 
not selective enough to be definitive. However, chromatography can be coupled 
with definitive techniques, such as mass spectrometry, to yield powerful hybrid 
instrumentation. 

To achieve separation in chromatography, each component should have some 
affinity for the stationary phase, but the affinities for each component should differ, 
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Fig. 1.1 Simulated chromatographic analyses of two compounds that elute close to each other run 
separately (a, c) and as a mixture of the two compounds (b, d). The analyses are simulated at a low 
plate count (a, b) and a higher plate count (c, d) 


resulting in a separate peak for each component of the mixture. Resolution 
describes how well two components are separated, as illustrated in Fig. 1.1. When 
two compounds are not adequately separated (Fig. 1.1b), the compounds are un- 
resolved. In this case, the analyst is unable to identify each component without 
deconvolution or background subtraction, lessening confidence in the identification. 
When the signal intensity returns to baseline between the two peaks (as in 
Fig. 1.1d), the peaks have achieved baseline resolution. For complex mixtures, 
including most petroleum-based ignitable liquids, it is difficult to achieve baseline 
separation for all components in the mixture. However, conclusions can still be 
drawn about the composition of the sample by combining the information obtained 
from the chromatogram with the information contained from the mass spectrometer 
in a GC-MS instrument. 

Chromatographic resolution changes when the mobile or stationary phases are 
changed. When confronted with problematic unresolved compounds, one solution 
is to experiment with different columns until acceptable resolution is achieved. In 
liquid chromatography, changing the mobile phase composition is another common 
approach. Temperature programming in gas chromatography or a mobile phase 
gradient in liquid chromatography can also be used to change compound retention 
and improve resolution. 
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The primary metric to measure the effectiveness of separations is the theoretical 
plate (N). Analogous to using horsepower as a measurement of power in engines, 
the name “theoretical plate” has historical origins that are now largely outdated. The 
term is rooted in fractional distillation, where gas-phase mixtures are separated by 
condensation on plates. The more plates that are used in a distillation column, or the 
more theoretical plates in a column chromatography separation, the better the 
separation. Figure 1.1 illustrates the effect of increasing plate count in a separation. 
When a mixture of the two closely eluting compounds is analyzed at a lower plate 
count (Fig. 1.1b), they cannot be effectively separated. At a higher plate count 
(Fig. 1.1d), the compounds can be clearly differentiated. Though there are several 
ways to increase the value of N and thereby increase the efficiency of a separation, 
the two main ways that an examiner can affect separation efficiency are by 
increasing the column length and optimizing the flow rate to decrease band 
broadening. 

Separation efficiency is often measured as plate height (H), which is sometimes 
referred to as height equivalent to theoretical plate (HETP). Plate height expresses 
the length of column needed to achieve one theoretical plate and can be expressed 
as H = x, where L is column length. The units of H are usually given in centimeters 
or millimeters. Using LC as an example, typical commercial instrumentation can be 
expected to achieve 5000—40,000 theoretical plates, with plate heights of 0.2- 
0.03 cm [5]. In extreme experimental instruments, as many as 500,000 theoretical 
plates have been achieved, with a plate height of 0.0002 cm [6]. Plate height 
represents efficiency of the separation, which is a function of band broadening. 
Band broadening is illustrated in Fig. 1.2. When a mixture is injected into a col- 
umn, not only do the different components separate into bands, but the bands of 
each component spread out. This results in wider peaks and reduced resolution. 
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Fig. 1.2 Illustration of band broadening 
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Separation b in Fig. 1.2b undergoes significant band broadening and results in 
unresolved peaks. As band broadening is minimized, more efficient separation and 
lower plate heights can be achieved. 

Band broadening is caused by three primary factors: multiple path lengths, 
diffusion, and equilibration times. The multiple path length contribution is most 
significant in packed columns. For the capillary columns used in GC, this factor is 
essentially negligible. Diffusion is inherent spreading of peaks due to random 
thermal motion. Broadening due to diffusion is minimized by using high flow rates 
of mobile phase through the column which also decreases analysis time. Band 
broadening from the equilibrium time, also known as mass transfer, results from the 
non-equilibrium nature of chromatography. Molecules in samples injected into the 
column are in motion throughout the experiment and are not allowed time to 
achieve a true equilibrium between the stationary phase and the mobile phase. 
Allowing more time for equilibration by reducing the flow rate through the column 
minimizes broadening due to this factor, though it increases the analysis time and 
increases broadening due to diffusion. For each chromatographic system, there will 
be an optimum flow rate that minimizes the plate height and yields the least band 
broadening. Analysis time, as well as the limitations of the pump and hardware, 
should also be considered in deciding the flow rate. Most forensic laboratories will 
rely on previously determined methods that have proven efficiency and resolution 
with reasonable analysis time. 


1.2.2. Liquid Chromatography 


There are numerous variations of the term liquid chromatography (LC) in com- 
mon use (see inset), but the principle of the technique is the same. Liquid chro- 
matography is primarily used for organic compounds, exploiting differences in 
polarities of compounds to effect separation. 

Liquid chromatography allows for the analysis of compounds with thermally 
labile bonds or compounds that do not readily volatilize, which includes many 
organic explosives such as triacetone triperoxide (TATP) and hexamethylene 
triperoxide diamine (HMTD). Liquid chromatography can be performed at ambient 
or slightly elevated temperatures; thermally labile compounds are less likely to 
degrade in these more moderate temperatures than in the higher temperatures used 
for other techniques. While LC is commonly used in the analysis of organic 
explosives, it is rarely used in the analysis of ignitable liquids. Common LC 
detectors are largely insensitive to aliphatic hydrocarbons, which are major com- 
ponents of most ignitable liquids. 


Terminology in commercial liquid chromatography systems 
When pumps were originally used to apply pressure to the mobile phase in 
LC, the technique was termed high-pressure liquid chromatography (HPLC). 
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Soon, the use of pumps became commonplace and what were formerly 
considered “high” pressures were now normal pressures, so the acronym 
HPLC was revised to be high-performance liquid chromatography. 

In recent years, developments in column technology and improved pump 
engineering have resulted in even higher-pressure systems; the pumps, tub- 
ing, and fittings for these instruments can function at the much higher pres- 
sures required for newer columns. These have been given a variety of 
acronyms by the companies commercializing the systems, but are most often 
called ultra-high-pressure liquid chromatography (UPLC or UHPLC). 
Further, when an HPLC or UPLC system is connected to a mass spectrom- 
eter, the “HP” or “UP” is dropped from the acronym and the system is simply 
called an LC-MS. These often confusing variations in terminology are usually 
done for commercial reasons and do not reflect significant variations in the 
science occurring. 


A typical modern instrument used for LC is illustrated in Fig. 1.3. This system is 
represented as a binary system with two solvents and two pump heads. Most 
commercial systems are actually quaternary, capable of pumping four solvents. 
While only two solvents are generally used during chromatographic runs, the other 
two solvents can be used for automated rinse and cleaning processes. By 


Fig. 1.3. Schematic of a 
liquid chromatography system 
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convention, solvent A is typically an aqueous solvent and solvent B is organic 
solvent, often methanol or acetonitrile. The multiple solvents, multiple pump heads, 
and mixing chamber allow the chromatographic solvent to be altered rapidly and 
simply with the software. 

To inject the sample, the injector needle pierces the sample vial septum and 
draws out a set amount of sample (typically 1-20 uL) into a short length of tubing, 
known as the injection loop. The valve in the injector is positioned so the solvent is 
pumped through the valve, into the column, and to the detector but bypasses the 
injection loop. The detector begins to collect data when the valve switches posi- 
tions, causing the solvent to flow through the injection loop, pushing the loaded 
sample onto the column [7]. 

The most commonly used type of stationary phase in LC is a “reversed-phase” 
packed column, meaning that the column is a tube packed with nonpolar, 
homogenous, small (1-10 um) particles. The homogeneity of the particles is critical 
to separation efficiency. Smaller particles (<3 um) yield better separations and 
faster run times, but the pressure required by the pumps to run the solvent at typical 
flow rates (0.3-2 mL/min) dramatically increases as particle size is decreased. 
Silica is a cheap and abundant material that was originally used as the column 
packing in liquid chromatography; it is still commonly used in crude separations in 
organic laboratories meant to clean up synthesis products. However, bare silica is 
not reliable enough for analytical separations and, because the surface is highly 
polar, it does not retain most organic compounds well. In most modern analytical 
LC separations, including those used for explosive analysis, the silica substrate is 
coated with a nonpolar compound, “reversing” its phase from polar to nonpolar. 
The most commonly used coating converts the silica surface to an octadecane (C18) 
surface. 

An aqueous solvent can be used with a nonpolar stationary phase such as a C18 
column to provide a stark contrast in polarities. In such a system, polar compounds 
will have high affinity for the aqueous mobile phase and little affinity for the 
stationary phase, resulting in minimal retention and rapid elution. Strongly, non- 
polar compounds will be highly retained and elute slowly, resulting in poor peak 
shapes. By using a less polar organic solvent as a second component of the mobile 
phase, the mobile phase composition can be tuned to elute compounds in a rea- 
sonable time with acceptable peak shapes. In an analysis of a sample with only one 
primary component or a mixture of a few compounds with similar polarities, using 
a fixed mixture of the aqueous and organic mobile phases throughout the analysis 
tends to yield the most efficient and timely separations. In mixtures containing 
compounds with significantly different polarities, a gradient separation is necessary. 
In this case, the analysis starts with a mixture containing primarily aqueous mobile 
phase (e.g., 95% aqueous and 5% organic) and the composition of the mobile phase 
mixture is changed linearly over time during the separation to a high organic 
composition (e.g., 10% aqueous and 90% organic). In a gradient separation, weakly 
retained compounds can experience some retention at the initial low organic mobile 
phase mixture but more nonpolar compounds are still eluted effectively in the same 
run by the final high organic mobile phase mixture. 
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Compounds that are too polar or ionic are not easily analyzed in reversed-phase 
LC even when the mobile phase composition is changed. Polar columns can be 
used for the polar organic compounds (e.g., sugars); however, few polar com- 
pounds are routinely of interest in explosive or fire debris analysis. Ions, however, 
are an important class of analyte in explosive analysis. Ion chromatography or 
capillary electrophoresis is more suitable for the analysis of ions than LC and will 
be discussed in a subsequent section. 

The detector used in a chromatographic experiment is critical and largely 
determines the selectivity and sensitivity of the analysis. Retention times provide 
some information about the identity of the compound and can be used as a pre- 
sumptive test, but further information from the detector is required for a definitive 
identification. In forensic science laboratories, ultraviolet spectrophotometer 
(UVS) and mass spectrometer are the most commonly used LC detectors. 
Ultraviolet spectrophotometry is based on absorbance of light by electrons, which 
will be discussed further in Sect. 1.4.1. 

A UV spectrophotometer consists of a UV light source, a sample cell, and a 
detector. Photodiode arrays (PDAs), also called diode array detectors (DADs), are 
the most common type of detector for a spectrophotometer to be used as an LC 
detector. The photodiode does not determine the specific wavelength (energy) of 
light, but it generates a voltage proportional to the intensity of the light. Wavelength 
discrimination must be included elsewhere in the instrument design of the spec- 
trophotometer. Figure 1.4 shows an LC detector that uses a diffraction grating 
coupled with a PDA to detect all wavelengths in the spectrum rapidly as samples 
elute. 

The light from the source impinges on the sample, and the light that is not 
absorbed is spatially separated into its constituent wavelengths by the diffraction 
grating. An array of individual photodiodes measures the intensity of light trans- 
mitted through the sample (transmittance) for each wavelength of light. Absorbance 
results in a decrease in the intensity of the transmitted light and a decrease in 
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Fig. 1.4 Schematic of a UV spectrophotometer for use as an LC detector 
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voltage at the detector. Transmittance is readily converted to absorbance through 
the following equation: 


A =2-log(%T) 


where A is absorbance (a unitless measure) and %T is percent transmittance. In UV 
spectrophotometry, viewing signal in terms of absorbance is preferable because 
absorbance is directly proportional to sample concentration [8]. Ultraviolet detec- 
tors are reliable for precision quantitation, and LC with a UV detector is commonly 
used for this purpose. 

The mobile phase in an LC experiment with a UV detector should be chosen 
such that UV absorbance is minimal. If the mobile phase itself absorbs in the UV 
region of interest, the detector background will be too high for effective analysis. 
Most organic compounds absorb ultraviolet light, so UV detectors can detect a wide 
range of organic compounds. Mass spectrometer is a powerful detector that is often 
coupled with LC and will be discussed further in Sect. 1.3. However, most of the 
aliphatic hydrocarbons that are important in the analysis of fire debris do not absorb 
in the UV region and are not easily analyzed with LC-MS. While LC is useful for 
explosives that are nonvolatile or thermally labile, it has limited use for fire debris. 


1.2.3 Gas Chromatography 


Gas chromatography (GC) is one of the most widely used analytical techniques 
throughout industrial and forensic laboratories today. It is also the central technique 
in the analysis of fire debris evidence as it couples well with headspace analysis. 
Advantages of GC include fast analysis times, high resolution, good sensitivity, 
high reliability, and relatively low cost. The primary disadvantage is that it relies on 
conversion of the sample to a gas. Compounds which are not sufficiently volatile 
can be derivatized to improve vaporization and stability, but this is a labor-intensive 
sample preparation step [9]. Thermally labile compounds, including many explo- 
sives, have to be analyzed under carefully prescribed conditions with GC to prevent 
degradation of the compound in the inlet or during the separation [10]. 

A GC consists primarily of an injector, an inlet, and a_temperature- 
programmable oven containing a column, as shown in Fig. 1.5. As with LC, GC 
instruments in forensic laboratories are normally equipped with an autosampler, 
which enhances reproducibility and throughput. Samples for GC analysis should be 
dissolved in an appropriate solvent, except in the headspace analysis. Solvents are 
often small, highly volatile compounds such as methanol, carbon disulfide, or 
dichloromethane, which are not retained on the column. 

The GC columns used in modern forensic science are not packed tubular col- 
umns, but are very narrow diameter (usually 250 pm) capillary columns with a thin 
coating of stationary phase on the interior of the column. Because the columns are 
open capillaries and the mobile phase is a gas (as opposed to the much more viscous 
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liquids in LC), very long columns can be used without incurring problematic 
backpressures. Column lengths of 6-30 m are typical, resulting in a high number of 
theoretical plates and efficient separation. In the analysis of the highly complex 
mixtures inherent to fire debris samples, separation efficiency is paramount. The 
columns are based on fused silica substrates, with a protective coating of polyimide 
on the outside to prevent cracking or breaking. The interior surface of the column is 
coated with a thin layer of a polymer that imparts the stationary phase chemistry. 
The most common stationary phases are based on polydimethylsiloxane (PDMS), 
which yields a nonpolar stationary phase consisting of exposed methyl groups. 
Phenyl groups can be mixed into the methyl stationary phase in controlled pro- 
portions to adjust polarity. A common stationary phase consists of a coating that is 
95% methyl/5% phenyl where 5% of the functional groups at the surface are pheny] 
groups interspersed among the majority of methyl groups. Columns that are 50% 
methyl/50% phenyl are also common [11]. 

One major difference between GC experiments and LC experiments is the role of 
the mobile phase. Separations in LC exploit differences in analyte affinity for the 
mobile and stationary phases, and the mobile phase is often varied during analysis. 
In GC, the mobile phase is a highly pure inert carrier gas (usually He, No, or H2). 
Gas mixtures are not used, and the gas composition is not varied. Compounds in 
GC analysis do not experience a particular affinity for the carrier gas, but are 
retained as a result of an affinity for the stationary phase. The retention time of a 
compound in GC is based on a convolution of its affinity for the stationary phase 
and its volatility. The carrier gas serves only to propel the compound through the 
column, while it is in the gaseous state and not adsorbed onto the column surface. 
The choice of carrier gas does influence separation efficiency. Helium and hydrogen 
both facilitate more efficient separation than nitrogen. Helium was traditionally the 
preferred carrier gas, primarily because of safety concerns with the use of hydrogen 
gas. However, helium is a non-renewable resource and as helium reserves have 
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dwindled in recent years, the price of the gas has increased substantially. As such, 
some laboratories have adopted hydrogen generators which allow hydrogen to be 
used safely as a carrier gas. 

A small volume (1-5 pL) of sample is injected into the heated (150-350 °C) 
inlet, where it vaporizes at the elevated temperature. To preserve separation effi- 
ciency, the volatized gas sample is split by the carrier gas flow, such that some of 
the sample is introduced into the head of the column while much of the sample is 
diverted out of the inlet to the surrounding atmosphere. Split ratios (the ratio of gas 
flow diverted out of the inlet to the gas flow directed onto the column) of 10:1—50:1 
are common, so most of the injected sample does not reach the column but is vented 
out of the inlet. Low split ratios, or splitless injections, are generally used in 
circumstances where high sensitivity is needed and potentially wider peaks with 
poor peak shapes are acceptable. 

Temperature in GC is analogous to mobile phase composition in LC. Careful 
temperature control is maintained by the oven, which contains the column. When 
the oven is held at a high temperature, compounds tend to elute faster. Just as the 
solvent ratios in LC can be adjusted to maximize separation efficiency, temperature 
programs can be used to more efficiently separate complex mixtures of compounds 
by GC while maintaining good peak shapes. A program will start and hold at a 
lower temperature. Smaller, more volatile, more polar analytes (assuming a non- 
polar column is used) will elute first. As the temperature ramps up, larger, less 
volatile, more nonpolar compounds can elute. In complex mixtures encountered in 
fire debris analysis, use of an appropriate temperature program is essential to 
obtaining useful data. 

There are a myriad of detectors that can be coupled with GC, but the most 
commonly used detector in fire debris and explosive analysis is a mass spectrom- 
eter. Gas chromatography coupled with a mass spectrometer (GC-MS) will be 
discussed in more detail in Sect. 1.3.6. The flame ionization detector (FID) is a 
near-universal detector that is used by some laboratories for fire debris analysis, 
typically in conjunction with an MS detector, and is also widely used in forensic 
drug chemistry screening. The FID integrates a flame at the end of the column and a 
detector to measure ion current. As compounds elute from the column and undergo 
combustion in the flame, the ions generated are measured as a current yielding a 
signal proportional to the amount of the compound. An FID can detect nearly any 
carbon-containing compound but is not selective. A GC-FID instrument only yields 
retention times with no molecular information, severely limiting the utility of this 
detector for analysis of complex mixtures, including fire debris evidence and 
post-blast explosive samples. 

Several GC detectors are capable of selective detection of organic explosives, 
including the electron capture detector (ECD) and chemiluminescence/thermal 
energy analyzer (TEA). The ECD consists of a radioactive film that emits a 
near-constant current of electrons (f emission). The current is monitored, and if a 
compound elutes that can undergo electron capture, the number of electrons hitting 
the anode is reduced and the current decreases. These current dips yield the signal 
for the sample. Most compounds are not capable of efficient electron capture and 
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remain undetected by the ECD. However, compounds with highly electronegative 
elements (Cl and F particularly) or functional groups (nitro groups) do undergo 
electron capture and yield signal in ECDs. ECDs are highly sensitive to organic 
nitro-based explosives and impart some selectivity in analysis [12, 13]. However, 
solvents must be chosen carefully, as dichloromethane, a common solvent for the 
extraction of explosives, will be readily seen by the ECD detector. 
Chemiluminescence analyzers are highly selective for nitrate esters, nitramines, and 
nitroaromatic compounds, making them well suited for analysis of many organic 
explosives in complex matrices. Compounds containing these functional groups are 
detected through a series of reactions starting with pyrolysis of the eluted com- 
pounds in a heated oven, in the presence of a catalyst. Any available nitroso (R— 
N=O) groups undergo degradation and are converted to nitric oxide in this envi- 
ronment. The nitric oxide is then exposed to ozone in a reaction cell, forming 
nitrogen dioxide in an excited state (NO2*). When NO.* relaxes to ground state 
NO,, an infrared photon is emitted, which is detected by a photomultiplier tube. 
Although this series of reactions seems complex, they impart excellent selectivity 
for nitro-based organic explosives [14, 15]. 


1.2.4 Ion Chromatography 


Many explosive mixtures and residues are based on the chemistry of salts composed 
of polyatomic ions including nitrate, nitrite, chlorate, perchlorate, and ammonium. 
Neither LC nor GC is well suited for analysis of such inorganic ions, but ion 
chromatography (IC) and capillary electrophoresis (CE) are capable in this regard. 
Because of its high sensitivity and selectivity, IC has become the primary analytical 
method for ions in explosives [16, 17]. Ion chromatography also couples well with 
mass spectrometry, which can yield definitive data [18, 19]. 

In practice, an IC will resemble an LC, with some important deviations. 
Separation is achieved using a tubular column packed with homogenous small 
particles. Ion exchange chromatography (IEC), a technique similar to IC, can be 
performed directly on LC instrumentation by using a charged stationary phase. 
However, the performance of IC for inorganic ions is enhanced over IEC on an LC 
instrument because IC instrumentation includes components for eluent suppression 
(discussed later in this section) [20]. 

Separation in IC is due to differences in electrostatic affinity, which are based on 
primary charge state and ionic radius. Most ions relevant to forensic science are 
singly charged, but they still separate from each other during the IC analysis based 
on ionic radius. Smaller ions are expected to have a higher affinity for the charged 
stationary phase. Importantly, ionic radius changes significantly for hydrated ions, 
relative to ions not in solution. For example, the ionic radius of lithium increases by 
a factor of ~7x when hydrated [21]. 

A stationary phase with a positively charged surface chemistry would be used 
for anion analysis. The mobile phase in IC is an ionic solution with a polarity that 
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matches the analyte ions. For anion analysis, aqueous solutions of hydroxide 
(NaOH) and carbonate/bicarbonate (sodium or potassium salts) eluents are com- 
mon. The anions in the mobile phase displace the analyte ions from the positively 
charged stationary phase so that they flow through the column and elute. Hydroxide 
ions have a low affinity for a positively charged stationary phase such that it is 
appropriate for analytes that are weakly bound to the column. The affinity of a 
carbonate/bicarbonate eluent for the stationary phase can be tuned by adjusting the 
ratio of the two ions in the mobile phase. In analysis of cations, the competing ion 
in the mobile phase is most commonly the hydronium ion, and its concentration is 
controlled using buffers that have a low affinity for the stationary phase, such as 
methanesulfonic acid [21]. As in LC, the eluent should be selected such that the 
ions in the sample are retained by the ionic column to some degree, but are 
effectively eluted in reasonable time with minimal band broadening. 

The most commonly used detector in IC is the conductivity detector, a simple 
and elegant detector. Conductivity (the reciprocal of resistivity) is a commonly 
measured parameter throughout science and industry. Conductivity detectors for IC 
determine conductivity based on resistance of the solution. At room temperature, 
ultrapure water has a resistance of 18.15 MQ/cm, which corresponds to a con- 
ductivity of 0.05508 wS/cm [22]. The presence of ions in water increases the 
conductivity. In the detector, a constant current is applied to the solution while the 
voltage drop is measured, and the resistance is determined through Ohm’s law. 
Most conductivity detectors will include temperature measurements and account for 
variations in conductivity with temperature fluctuation [23]. Monitoring the con- 
ductivity of the eluent will yield peaks when ions elute. 

Conductivity detectors are universal for ionic species and sensitive to small ions 
relevant to explosives, such as nitrate and perchlorate. The issue with ion separa- 
tions using charged columns prior to the invention of IC was the background of 
anions in the mobile phase. Without proper consideration, the conductivity signal is 
overwhelmed by the high background of anions in the mobile phase and sensitivity 
to the analytes would be poor. Incorporation of eluent suppression in the 1970s was 
the breakthrough in ion chromatography that imparted the sensitivity and selectivity 
to make it the preferred method for inorganic explosives [24]. Ion suppression is 
achieved in a separate column after the analytical column. The high conductivity 
ions in the mobile phase are exchanged with low conductivity ions through ion 
exchange [25] or chemical reaction [26] in the suppressor. The net result is that the 
background noise from the mobile phase is suppressed and the analyte ions are 
detected with greatly enhanced sensitivity. 

As in LC, UV detection can be used as most relevant anions have some 
absorbance in the ultraviolet range. Many polyatomic ions relevant to explosive 
analysis (nitrite, nitrate, chlorate, and perchlorate) absorb in the ultraviolet range 
and can be detected with a UV detector [24]. However, the performance of a UV 
detector for IC is poor in comparison with a conductivity detector combined with 
eluent suppression. Mass spectrometer is used extensively as a detector for IC, with 
an interface similar to LC-MS. As with conductivity, IC-MS performance is gen- 
erally improved with the use of eluent suppression. 
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1.2.5 Capillary Electrophoresis 


While IC is the most commonly used technique for analysis of ionic content in 
explosives, capillary electrophoresis (CE) is a useful alternative method. CE is quite 
versatile and can also be used for organic compounds or biomolecules in addition to 
ions. The major advantage of CE is the potential for very high-efficiency separa- 
tions relative to LC or IC. CE requires little sample, so injection volumes are small 
and little solvent is consumed. However, only small injection volumes and sample 
amounts can be used to maintain adequate separation. 

Capillary electrophoresis is not true chromatography in that it is not based on 
sample interactions with a mobile phase and stationary phase; there is no stationary 
phase in CE, and the flow of the solvent is not driven by a pump. A high voltage of 
10-30 kV is applied to a narrow capillary (very similar to an uncoated GC capil- 
lary) between the solvent reservoir where the sample is injected and the capillary 
outlet. The capillary has a negatively charged surface such that positive ions in the 
solvent will preferentially congregate at the capillary wall. In the high electrical 
field, the positive charges attracted to the surface of the capillary wall migrate 
toward the negative charge at the capillary outlet. Because the capillary is narrow, 
this flow of ions at the surface creates a bulk flow (electroosmotic flow) which 
pushes the sample through the capillary. Analytes in the mixture will separate 
according to size and charge as they migrate through the capillary. Small, highly 
charged ions will migrate faster than heavier, singly charged ions. Detection at the 
capillary outlet can be accomplished through conductivity or mass spectrometry 
[10, 27]. 


1.3. Mass Spectrometry 


1.3.1 Overview of Mass Spectrometry 


Mass spectrometry (MS) is the most widely used detection technique in forensic 
chemistry. It is definitive and sensitive, and can be easily coupled to chromatog- 
raphy, particularly gas chromatography. The coupling of chromatography with MS 
is convenient for complex mixtures; the components of the mixture are separated by 
chromatography, and the resulting mass spectra are high-quality spectra for ideally 
pure samples. The confidence in definitive identification using FTIR, Raman, or 
XRD is reduced when working with mixtures. The quality of the spectra/ 
diffractograms is reduced as the data is a convolution of all the components in the 
mixture. 

Mass spectrometry is based on a fundamental property of matter: mass. It is a 
universal technique; all atoms or molecules have mass and can be detected with MS 
under the correct conditions. The MS techniques used in forensic chemistry are 
largely focused on identification of organic molecules, including hydrocarbons in 
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Fig. 1.6 A mass spectrum of perchlorate obtained using desorption electrospray ionization with 
an ion trap mass analyzer in negative mode 


ignitable liquids and organic explosives. Mass spectrometry is also used for inor- 
ganic explosive components, often through its use as a detector for ion chro- 
matography. The actual property measured in mass spectrometry is not mass, but 
mass-to-charge ratio (m/z). A mass spectrum is a plot of intensity versus m/z, as 
shown in Fig. 1.6. For most of the analytes in forensic chemistry, the charge will be 
+1 or —1 such that, in practice, the peak observed in the spectrum usually corre- 
sponds directly to mass (m/1 = m). The m/z that corresponds to the singly charged 
intact analyte in the mass spectrum is known as the molecular ion, which is often a 
key to the identification of an analyte. 

Figure 1.6 illustrates some important features of mass spectrometry. The 
molecular mass of ClO; is 99 amu; therefore, the peak at m/z 99 corresponds to the 
molecular ion. Because chlorine has two isotopes, 35Cl and °7Cl, the spectrum has a 
second peak at m/z 101, corresponding to the molecular mass with the heavier 
isotope. Isotopes are apparent in mass spectrometry, and the isotopes of chlorine are 
especially noticeable [28]. 

A mass spectrometer consists of three main components: an ion source, mass 
analyzer, and detector. The ion source, as the name suggests, converts the sample 
into ions. The mass analyzer is the heart of the mass spectrometer, where ions are 
separated according to their mass-to-charge ratio (m/z). Combinations of constant 
voltages and varying voltages applied by electrodes with carefully designed 
geometries are used to manipulate the motion of the ions. For most mass analyzers, 
the ions collide with a detector after they are sorted by m/z. The detector converts 
the energy from the ion impact into a voltage which yields the signal intensity. 
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In some instruments (namely Orbitrap and ion cyclotron resonance instruments), 
the mass analyzer itself functions as the detector. Because gas-phase ions are 
unstable under ambient conditions, the mass spectrometer is kept under vacuum. 

To call an instrument a “mass spectrometer” without further clarification is 
overly vague, similar to saying “mode of transport” when describing your car—you 
could be talking about a fighter jet or a tricycle. There are a myriad of different 
configurations of ion sources and mass analyzers, and many of them have very 
different functions. Mass spectrometer is very versatile; different mass spectrometer 
configurations can be used for analysis of organic compounds, inorganics, atomic 
spectra, or accurate isotopic analysis. Specifying the ion source and mass analyzer 
in the mass spectrometer clarifies the type of instrument being used. There are 
numerous different ion sources and mass analyzers. The following sections will 
focus on the small subset of ion sources and mass analyzers most commonly used in 
forensic chemistry. 


1.3.2 fon Sources 


Analytes are converted to ions in the ion source. The feature that most differentiates 
various ion sources is the extent of fragmentation that occurs in the source. In the 
extreme, there are plasma sources that have temperatures on the order of the 
temperature of the sun. Compounds exposed to these sources are stripped to their 
atomic constituents. Many ion sources are “soft” ion sources and generate only 
yield intact ions that have not undergone fragmentation. Most soft ion sources 
produce protonated molecular ions, which have the mass of the ions plus the mass 
of the associated H* ion (M + H* ion). Ion sources that are considered “hard” are 
ion sources that generally cause fragmentation of a molecule without reducing the 
molecule in question to atoms. 

Electron ionization (EI), formerly known as electron impact, is the “hard” ion 
source commonly used for analysis of organic compounds throughout analytical 
chemistry. It is also the most commonly used ion source in forensic chemistry that 
is coupled with GC-MS, particularly for fire debris analysis. The EI sources in 
commercial GC-MS instruments yield highly reproducible fragmentation, which is 
ideal for definitive identification. Some mass spectrometry methods are capable of 
imparting energy to the gas-phase ions in the instrument such that bonds are broken 
and the ion fragments. If the method is highly reproducible and there is a statistical 
population of ions, the spectrum of fragment ions formed is a definitive chemical 
“fingerprint.” Fragmentation can take place in the ion source concurrent with the 
initial ion formation (in-source fragmentation). The EI source has to be at reduced 
pressure to function, and so it is incorporated into the vacuum system with the mass 
analyzer [29]. Further, the sample must be introduced into the EI source as a gas. In 
GC-MS, the outlet of the column is positioned just outside of the EI source such 
that the eluting gaseous compounds are directly introduced into the source 
(Fig. 1.7). Ionization is accomplished with a beam of electrons generated by 
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Fig. 1.7 Representation of an EI source 


applying current to a metallic filament at a precisely controlled energy 
(generally ~70 eV). The incoming sample passes through the electron beam and 
can be ionized. A voltage is applied to the top of the EI source, also known as the 
repeller plate, to push ions formed in the source to the mass analyzer. 

The 70 eV electrons in the beam can excite electrons associated with heteroa- 
toms and in bonding orbitals of a given molecule with enough energy that they are 
ejected from the molecule, rendering it a radical cation. Radicals are quite unstable 
and will readily react with other molecules. In the reduced pressure of the EI source, 
most of the population of radical cations formed will undergo an internal reaction, 
rather than reacting with another molecule to form a more stable ion or to release a 
stable neutral. The result is an array of fragments which yields an information-rich 
spectrum containing numerous peaks [28]. For most compounds, there will be a 
peak for the ion corresponding to the intact molecule called the molecular ion (M*) 
but most of the mass spectrum will be fragment ions. To use an EI spectrum for 
definitive analysis, the spectrum should be for a single compound. The coupling 
with gas chromatography functions as an online purification for each compound in 
the mixture prior to analysis in the EI source, assuming all peaks in the chro- 
matogram are adequately resolved. 

Maybe the most important advantage of the EI source in fire debris analysis is 
that it is a nearly universal source. Almost all organic compounds will ionize to 
some extent with EI, and it is the only ion source for which that is true. Many 
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aliphatic hydrocarbons, particularly alkanes, ionize very poorly in nearly all ion 
sources, except for EI. GC-MS is the main technique used in fire debris analysis, 
and without EI, it would be difficult to analyze many ignitable liquids in any 
meaningful way using mass spectrometry. 

Chemical ionization (CI) is closely related to the EI source in terms of the 
engineering of the instrument, but the chemistry that takes place in the source is 
very different [30, 31]. It is a much softer technique than EI, and while some limited 
fragmentation usually occurs, the most abundant peak is often the protonated 
molecule [M + H]*. While mass spectrometers are most often set to detect positive 
ions (positive mode), nearly all commercial instruments can easily be set to detect 
negative ions instead (negative mode). Negative mode is quite effective when used 
with CI, with many compounds forming the deprotonated molecule [M — H] . 
Chemical ionization is particularly useful for compound with labile bonds, 
including most organic explosives. Such compounds are often highly fragmented in 
an EI source, such that the mass spectrum primarily consists of smaller fragment 
ions. The use of CI significantly reduces in-source fragmentation; a small number of 
high reactivity organic explosives may yield nearly intact fragment ions such as 
[M — OH] , [M — NO] , or [M — NO] in negative mode, where they would 
only have small fragments in EI. With most commercial GC-MS instruments, a CI 
source is available as an add-on to the instrument and switching from EI to CI is as 
simple as checking a box in the instrument software. For explosives that are heavily 
fragmented in EI, switching to CI can yield data for the intact (or nearly intact) 
molecule and enhance confidence in identification. A drawback to using CI is the 
need for an in-house library, particularly for explosive analysis. The spectra in CI 
are highly dependent on the precise CI settings, such as the gas used and the voltage 
applied. 

In CI, the same chamber as the EI source is used (Fig. 1.7). When the CI option 
is selected, a supplementary gas, called the reagent gas, is introduced into the 
chamber [32]. The amount of reagent gas added causes a minor rise in pressure in 
the source, but is large relative to the amount of gaseous sample entering the source. 
Because the source is flooded with reagent gas, the reagent gas is ionized in the 
electron beam instead of the analyte and the analyte is likely to react with ionized 
reagent gas. The radical cations formed from the reagent gas are surrounded by 
other molecules of reagent gas and react with them to form other ions. A cascade of 
reactions yields ions capable of more mild reactions than would take place in the EI 
source, such as proton transfer. The most commonly used reagent gas is methane, 
which can form reactive species and ionize the sample through the following 
reaction sequence: 


CH,+e7 — CH; +2e7 
CH; +CH, — CH? + CH; 
CH? +M — CHy+MH* 
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The protonated molecule formed ([M + H]*, shown as MH” in the reaction 
scheme) provides information about the molecular weight of the compound, which 
can complement the information about structural composition obtained with EI [33]. 

While methane is the most common reagent gas, other gases can be used. The 
reagent gas can be chosen to target the specific proton affinity of an analyte of 
interest such that it is preferentially ionized. In addition to using CI to obtain 
protonated molecules, negative ions can be generated. Negative-mode chemical 
ionization can be a useful technique for many compounds with high electron 
affinity, including nitro-based organic explosives. Isobutane is the preferred reagent 
gas for negative CI of explosives, but methane can also be used [34, 35]. 

Electron ionization and CI are the ionization methods most readily coupled with 
GC, while electrospray ionization (ESI, not to be confused with ED) is the most 
common ion source to interface with LC. ESI is a straightforward way to generate 
gas-phase ions directly from a liquid at atmospheric pressure and without heating 
[36]. In ESI, a sample in solution is pumped through a needle that comes to a fine 
point with a small opening at the end. A high-voltage DC potential (4-6 kV) is 
applied to tip of the needle, while the inlet to the mass spectrometer is held at 
ground potential, resulting in an extreme electric field between the needle and the 
MS inlet. The high electric fields induce the liquid to spray toward the inlet in 
droplets with positive charges at the surface. As the droplets fly through the gap 
between the needle and the inlet, the solvent in the droplets dries rapidly and they 
shrink. The charges on the surfaces of the droplets are brought closer together and 
experience ever-increasing electrostatic repulsion. Eventually, the droplet shrinks to 
a point where the distance between charges is small and the repulsion is high 
enough that the droplet explodes in what is called a Coulomb explosion. Smaller 
droplets form out of the Coulomb explosion, which then also shrink and undergo 
their own Coulomb explosion. This process repeats until the sample has accumu- 
lated a positive charge and is no longer associated with a solvent droplet. In larger 
molecules (such as proteins and peptides), ions accumulate multiple charges during 
ESI. However, the small molecules that are the focus of forensic chemistry typically 
only form singly charged [M + H]* ions in positive-mode ESI. By switching the 
polarity of the source, negatively charged ions ([M-H] ) can also be produced for 
negative-mode MS. Other adduct ions are also possible in ESI, particularly for 
explosives. It is not uncommon to observe [M + NO3] or [M+ Cl] ions in 
negative ESI for organic explosives containing nitro groups. In some cases, adding 
a small amount of a chloride salt to intentionally promote chloride adduct 
({M + Cl] ) formation can enhance sensitivity for explosives [37]. 

Atmospheric pressure chemical ionization (APCI) and ESI have a relationship 
similar to EI and CI. The engineering of APCI and ESI sources is closely related, 
even though the chemistry of ionization in the sources is quite different. Also, when 
an LC-MS system is purchased, it will likely come with an ESI source and the 
option to add an APCI source, which can be easily switched out with the ESI 
source. ESI is a very soft ion source, which is favorable for ionization of labile 
compounds like explosives, but it tends to perform poorly for more nonpolar 
compounds. The mechanism of APCI is more energetic, and many nonpolar 


22 K. Evans-Nguyen 


compounds that do not ionize efficiently in ESI will do well when this source is 
exchanged for the APCI source [38]. Nearly, all instruments using an ESI or APCI 
ion source will be coupled to HPLC systems. 

Similar to positive-mode CI, there is a cascade of reactions in an APCI source 
that results in the formation of reactive species that can transfer a proton to the 
analyte to form an [M + H]* ion. In the case of APCI, it is not necessary to add gas 
into the ion source because at atmospheric pressure, there is plenty of reactive 
gaseous N>, O2, and H,O to function analogously to the reagent gas in CI. Electron 
beams are not sustainable at atmospheric pressure, so a glow discharge source is 
used instead. Instead of the high voltage being applied to a needle that has liquid 
flowing out of the tip, the high voltage is applied to a dry needle in open air. The 
high electric field at the tip generates an energetic plasma called a glow discharge 
which can be observed as a faint purple glow at the tip of the needle. The cascade of 
reactions that occurs in the reaction of the plasma with the atmospheric gases can be 
complex, but a common end point reactant is gaseous H30* and related protonated 
water clusters. The sample solution is pumped through a heated nitrogen gas flow 
such that the sample is thermally vaporized. The heated gas stream containing the 
sample is directed toward the ion cloud formed in the plasma at the tip of the 
needle. As the sample collides with the protonated water, proton transfer can take 
place, yielding [M + H]* ions. Other, more energetic, ion—molecule reactions are 
also possible in an APCI source such that a molecular ion or adduct may be 
observed as the major peak and there is more likely to be fragmentation in an APCI 
source than in an ESI source. 


1.3.3 The Quadrupole Mass Analyzer 


The most commonly used mass analyzer is the quadrupole mass filter. Although it 
can be conceptually difficult to understand, it is relatively simple and inexpensive to 
engineer in practice. The resolution is set to unit mass on most commercial 
instruments, so that all m/z values measured are rounded to the nearest integer 
value, which is considered low resolution. The most common mass spectrometer in 
forensic chemistry (generally for GC-MS) consists of an EI source coupled to a 
quadrupole mass analyzer. The mass analyzer does not need to be high resolution in 
this instrument because the identification is based on the fragmentation spectrum, 
not an exact mass produced by a high-performance mass analyzer. 

The motion of ions in a quadrupole consists of complicated three-dimensional 
paths that are best visualized using computer simulation. Qualitative explanations 
can only be superficial, but will suffice for purposes of this section. The quadrupole 
consists of two pairs of electrically connected rods, spatially arranged at the corners 
of a square. The paired quadrupole rods are represented in the top of Fig. 1.8. 

In this representation, the red rods would be connected such that one was biased 
with the positive DC voltage and the other red rod would be negative. The blue rods 
would be paired in the same way, with one positive and the other negative. 
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Fig. 1.8 Schematic of a quadrupole from two different views (top) and representation of a 
quadrupole functioning as a mass filter (bottom) 


The arrangement of the rods creates a kind of tunnel, more easily seen in the view 
down the axis, which selected ions can travel through. In addition to DC voltage 
applied to the rod pairs, a radio frequency (rf) voltage is also applied to each pair. 
The red pair of rods and blue pair of rods would be 180 degrees out of phase. The 
electric field in the channel between the rods is complex and switching over time at 
the frequency of the rf voltage. Without a DC bias and at a low rf voltage, all ions 
have stable trajectories through the quadrupole. Filtering is achieved by altering the 
rf and DC values such that only a single ion can successfully pass through the 
analyzer at a time. This is illustrated at the bottom of Fig. 1.8. Three different m/z 
ions represented in green, yellow, and purple leave the ion source. The rf and DC 
values of the paired poles have been set such that only the m/z value of the green 
ion has a stable trajectory through the quadrupole and hits the detector to yield 
signal. The purple and gold ions are not stable at those rf and DC values; they are 
either ejected from the path through the center of the quadrupole or hit one of the 
rods and are neutralized. In either case, they do not reach the detector and would not 
contribute to the signal. After detection of the green ion, the rf and DC values 
would simultaneously increase in magnitude. At this new rf/DC setting, the green 
ion would no longer be stable and would not reach the detector. The next integer m/ 
z value would now be stable, and any ions with that value would be detected. As the 
paired rf and DC values are increased in a synchronized manner, the value of the 
stable m/z is scanned over a set range. In this way, the quadrupole generates a 
spectrum by scanning the signal over a range of m/z values [39]. 
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1.3.4 High-Resolution Mass Analyzers 


Mass spectrometry is a potentially definitive technique, but the selectivity varies 
depending on the sample type, the specific ion source and mass analyzer being used, 
and whether the mass spectrometer is coupled with chromatography. Specific 
identification in mass spectrometry originates from either accurate mass measure- 
ments, fragmentation, or a combination of those. For a complete unknown, knowing 
that the mass is approximately 99 amu significantly narrows the field of possible 
compounds, but definitive identification cannot be made based only on that infor- 
mation. There are 100+ chemical formulas that correspond to a mass that rounds to 
99 (e.g., C;HO3N, C4H303, C3H30N>). The theoretical accurate mass of *°C1'°O, 
is 98.9479627; perchlorate (with *°Cl) is the only compound with that exact mass. 
Obtaining accurate mass measurements requires a high-resolution mass analyzer, 
which is more expensive. Additionally, definitive identification cannot be made 
based only on exact mass. Most organic compounds have isomers with the same 
chemical formula and therefore the same exact mass. For example, the high 
explosive RDX has a chemical formula of C3HgN¢O¢, corresponding to an exact 
mass of 222.0343334. Searching the CAS registry indicates that there are 32 other 
known compounds, besides RDX, with that same chemical formula, and therefore 
the same exact mass. An accurate mass measurement could narrow the possible 
compounds from the 140 million+ known compounds to 33. While not definitive, 
accurate mass spectra provide crucial information, particularly for compounds that 
were previously unknown or have not yet been entered into a spectral database. Most 
techniques (GC-MS, XRD, Raman, FTIR) are reliant on database searches and 
comparison with known standards. Even for compounds without an available known 
standard, accurate mass spectra can provide their elemental composition [40]. 

The most commonly encountered high-resolution mass analyzers in forensic 
chemistry laboratories are the time-of-flight (TOF) and Orbitrap mass analyzers [41, 
42]. TOF is the less expensive mass analyzer (although still substantially more 
expensive than a quadrupole), but still has sufficient resolution to identify chemical 
formulas. Orbitrap mass analyzers have very high resolution and are easily capable 
of unambiguous determination of chemical formula for analytes. High-resolution 
mass analyzers are present in some forensic chemistry laboratories for analysis of 
drugs or explosives, but for ignitable liquids, high-resolution instruments generally 
are not necessary. Discussion of the specific mechanisms of these mass analyzers is 
beyond the scope of this text. 


1.3.5 Tandem Mass Spectrometry 


While the exact mass of a compound can provide a chemical formula, it is frag- 
mentation that facilitates definitive identification with mass spectrometry. In 
GC-MS instruments with EI sources, the fragmentation occurs in the ion source. 
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Some mass spectrometers facilitate ion—molecule reactions that induce fragmenta- 
tion in the mass analyzer. One advantage of this approach, which is known as 
tandem mass spectrometry or MS/MS, is that it is compatible with different types of 
ion sources. Further, a specific ion can be selected for fragmentation, whereas in EI 
all fragments are generated before mass selection in the analyzer. In most tandem 
mass spectrometry experiments, a mass analyzer is used to select a specific ion, 
which then enters a collision cell. The collision cell contains an inert gas (often He, 
No, or Ar) that collides elastically with the selected ion, causing it to fragment. This 
process is called collision-induced dissociation (CID). The fragments can then pass 
into a second mass analyzer that separates the fragments to yield an MS/MS 
spectrum. The most common tandem mass spectrometer is a triple quadrupole 
(QQQ) instrument, where the mass analyzer consists of an initial quadrupole mass 
filter, a second quadrupole that functions only as a collision cell for CID, and a third 
quadrupole that also functions as a mass filter [43, 44]. When coupled with LC as 
an LC-MS/MS system, these instruments are extremely sensitive and are useful for 
trace-level analysis of explosives [45]. Similar systems are also commercially 
available where a high-resolution mass analyzer is substituted for the third quad- 
rupole. These instruments are expensive, but powerful, and are in use in some 
federal forensic chemistry laboratories. They combine the analytical power of both 
exact mass measurements and fragmentation spectra, allowing identification even 
for previously unknown compounds. 


1.3.6 Chromatography Coupled to Mass Spectrometry 


Most mass spectrometers used in forensic chemistry laboratories are not stand-alone 
instruments like FTIR or XRD instruments, but are coupled with a chromatographic 
system. Chromatography and mass spectrometry can be synergistic, with 
important disadvantages of each of the techniques overcome through this 
partnership. Chromatography does not have sufficient selectivity for identification, 
but definitive techniques such as mass spectrometry require that the sample be pure 
for identification. In a combined instrument, the chromatography can efficiently 
separate the components of the mixture prior to entering the mass spectrometer. 
Figure 1.9 illustrates this type of data. Figure 1.9 depicts the data produced by the 
GC-MS. The top of the figure shows the total ion chromatogram (TIC) which 
represents the total abundance of ions in the detector as a function of time. The 
bottom of the figure shows a mass spectrum of a specific time, indicated by the 
arrow. 

While only one mass spectrum is shown, mass spectra are acquired throughout 
the chromatographic run, such that there are mass spectra for each of the peaks in 
the chromatogram. Note that if the compounds are not sufficiently separated from 
each other in the chromatography step, the quality of the mass spectra will be 
diminished. Even without baseline separation in the chromatogram, valuable 
information about complex mixtures can be obtained using GC-MS. Instead of 
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Fig. 1.9 Gas chromatography—mass spectrometry data for a sample of diesel fuel. Courtesy of 
Perry Michael Koussiafes, Bureau of Forensic Science, Havana, FL 


viewing the TIC, the chromatographic data can be viewed as the abundance for a 
selected single ion or sum of the abundance group of ions. This technique is 
essential to the analysis of ignitable liquids and will be discussed further in 
Sect. 2.5.2. 

While GC-MS instruments are the most commonly encountered mass spec- 
trometers in forensic chemistry, LC-MS and IC-MS are increasingly being used in 
casework. The quality of the spectra improves significantly with the use of LC not 
only because there is retention time data to complement the mass spectra, but also 
because contaminants in the sample that could interfere with ESI or APCI are 
separated from the analyte during the chromatography. Ion chromatography also 
benefits from the use of a mass spectrometer as a detector. The identification of ions 
is definitive when the mass of the eluted ions is known in addition to the retention 
time. 


1.4 Vibrational Spectroscopy Methods 


1.4.1 Spectroscopy Background 


Spectroscopy was briefly discussed in Sect. 1.2.2 in the context of HPLC detectors. 
Absorbance is a measurement of how much of the light impinging on a sample has 
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Table 1.2. Properties of electromagnetic radiation used in forensic analysis 


Electromagnetic | Wavelength Wavenumber | Energy Sample interaction 
region (nm) (em ') (eV) 

Mid-infrared 25,000-2500 | 400-4000 0.50.05 Bond excitation 
Near-infrared 2500-700 3850-14,300 0.5—2 Bond excitation 
Visible 700-400 >14,000 2-3 Electron excitation 
Ultraviolet 400-190 N/A 3-7 Electron excitation 
Vacuum 190-10 N/A 7-120 Electron excitation/ 
ultraviolet ejection 

X-rays 0.01-10 N/A 120-120,000 | Core electron ejection 


been converted to excitation within a bond or atom. When the energy of a photon 
impinging on matter corresponds to a specific energy level present in the matter, the 
photon can be absorbed. The effect of this absorbance depends on the energy of the 
incoming photon, as shown in Table 1.2. The energy of the photon can be 
expressed as wavelengths or wavenumbers, which is simply the inverse of wave- 
length. In the case of UV light, photon energies primarily correlate with energy 
levels of electrons held in = bonding orbitals and heteroatoms. Excitation by UV 
light promotes an electron to a higher electronic state, which then relaxes back to 
the ground state and releases thermal energy. Electrons in 7 orbitals of conjugated 
double bonds are particularly effective UV absorbers, but nearly any compound 
with at least one double bond can be observed with a UV detector. 

Unlike absorbance measurements in the UV region, which provide limited 
information about identity, information-rich infrared absorbance spectra can facil- 
itate definitive identification. Each molecular bond has a specific energy (fre- 
quency) of vibration and rotation, and these energies generally correlate with IR 
energies. As such, infrared spectra provide specific information about molecular 
bonding. 


1.4.2 Infrared Spectroscopy 


Infrared spectroscopy has many advantages. It is nearly universal—almost all 
compounds, organic and inorganic, can absorb IR light. The small number of 
compounds that are not IR-active, such as NaCl, requires another technique for 
identification. For pure samples, it is a rapid and definitive technique that is much 
less expensive than other definitive techniques commonly used in forensic chem- 
istry (i.e., mass spectrometry and X-ray diffraction) [46]. The major disadvantage of 
IR is that data interpretation for mixtures can be complicated. Extensive sample 
preparation, such as liquid-liquid or solid-phase extraction, is required to confi- 
dently identify individual components in a mixture using IR. Preliminary identifi- 
cations of major components in mixtures can be accomplished using spectral 
deconvolution, which is typically built into the instrument software and can be used 
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Fig. 1.10 Infrared spectrum of 2,4-dinitrotoluene. Data acquired by the author 


for explosive mixtures [47]. However, minor components in mixtures are likely to 
be overlooked in IR analysis unless they are extracted and concentrated. Another 
practical disadvantage is that water has significant absorbance in the IR region and 
samples should be very dry for analysis to avoid interference from the water 
spectrum. Hygroscopic samples can be particularly problematic, especially in 
humid localities. 

Spectra from the IR region can be plotted as absorbance versus wavelength as 
with UV data, but by convention they are typically plotted as percent transmittance 
vs wavenumber. A typical IR spectrum is shown in Fig. 1.10. The peaks in the 
spectrum correlate to specific bond energies being absorbed by the molecule, which 
gives an indication of the molecular structure and leads to identification of the 
molecule [48]. 

The instrumentation used to acquire IR spectra in forensic laboratories is the 
Fourier transform infrared spectrometer (FTIR). In an FTIR instrument, the 
sample is exposed to all wavelengths of light from a broadband IR emitter 
simultaneously. As illustrated in Fig. 1.11, the light from the emitter is split by a 
beam splitter and reflected to the sample by two different mirrors. One of the 
mirrors has a fixed position, but the other is mounted on a stage that moves on a 
fixed path at a set rate. As it moves, the light from the moving mirror passes in and 
out of phase with the light from the fixed mirror. The light from the two mirrors 
experiences constructive and destructive interference as they interact. The detector 
measures the continuing decreasing and increasing intensity of the IR light as the 
position of the moving mirror changes. The signal intensity as a function of time (or 
mirror position) is an interferogram. The Fourier transform renders this signal into 
an intensity versus frequency plot, which is converted to transmittance versus 
wavenumber. 

Because most compounds absorb in the IR, there is substantial background 
interference from atmospheric compounds. Nz and O, are among the few 
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Fig. 1.11 Illustration on an interferometer in an FTIR instrument 


compounds that do not absorb in the IR (and do not contribute to the background), 
but water vapor and carbon dioxide both absorb. The background is too daunting to 
be overcome through background subtraction alone. Fortunately, modern instru- 
ments overcome this limitation by acquiring multiple spectra and averaging them. 

Samples should be analyzed as solids or neat liquids, rather than in solution as 
the solvent may absorb in the IR region. For traditional transmission IR, solid 
sample may be crushed to a fine powder along with a salt that does not absorb 
significantly in the IR, such as KBr. The sample/salt mixture can then be squeezed 
at high pressures in a pneumatic press to yield an IR transparent window, called a 
KBr pellet, that the beam can pass through. Most crime laboratories no longer use 
this approach as making KBr pellets can be difficult and time-consuming and 
requires a relatively large amount of sample. Oftentimes, a simpler, more conve- 
nient sampling technique called attenuated total reflectance (ATR) is used. 

In an ATR sampling system, the sample is placed on top of a crystal made of a 
very high refractive index material such as diamond or germanium (Fig. 1.12). The 
sample is compressed against the crystal using a hand-tightened anvil. When light 
from the interferometer passes through the crystal and impinges on the sample, it is 
reflected. However, the light beam penetrates ~ 1 um into the sample and absor- 
bance based on the molecular bonds in the sample occurs. Several reflection events 
can occur within the crystal, depending on the instrument configuration, and 
absorbance occurs each time the beam interacts with the sample prior to reflection. 
The sample preparation is minimal compared to transmission IR, and substrates not 
amenable to crushing, such as plastic, can be easily analyzed. In theory, nanogram 
to microgram quantities can be measured [49]. In practice, milligram quantities of 
sample are often needed to obtain high signal-to-noise ratios without extensive 
sample preparation. 
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1.4.3 Raman Spectroscopy 


While both IR and Raman spectroscopy depend on molecular vibrations, IR is 
based on absorbance and Raman is based on scattering. Raman spectroscopy is a 
definitive technique and is complementary to FTIR. Instead of exposing the sample 
to a range of wavelengths, a sample for Raman analysis is exposed to a 
monochromatic source. Most of the light that encounters the sample will be 
transmitted, some will be absorbed, and a small portion of the light will be scattered 
by the sample. Most of the scattered light will have the same energy as the incident 
light; this is referred to as Rayleigh scattering. However, some of the scattered light 
undergoes Raman scattering, which is when the scattered photons have energies 
lower or higher than the impinging light. The light intensity from Raman scattering 
is a factor of 10° to 10° weaker than the intensity of the light from Rayleigh 
scattering [50, 51]. Raman scattering of lower and higher energy light is known as 
Stokes and anti-Stokes shifts, respectively. The spectrum of peaks for Stokes and 
anti-Stokes shifts is mirror images of each other, but the Stokes spectrum is higher 
intensity. Both types of scattering are unlikely events; very few of the photons 
impinging on the sample are actually scattered with a Stokes or anti-Stokes shift. 
This limits the sensitivity of the technique because the signal for the scattered light 
is a minor fraction of the intensity of the impinging light. 

The use of lasers is a key to Raman; they provide a high-intensity, coherent, 
monochromatic light source that enhances the observed scattering signal [52]. 
Exposure to laser light can cause sample heating, which can be a concern with 
explosives [53]. An inexperienced examiner can experience unexpected excitement 
when analyzing black powder with a Raman instrument, as the sample can burn in 
dramatic fashion when the laser is turned on. In general, dark-colored samples 
should not be analyzed by Raman for safety reasons. 

The most common Raman instruments are either dispersive instruments or 
Fourier transform. A dispersive Raman instrument will have a layout similar to the 
dispersive UV instrument shown in Fig. 1.4. After the laser beam impinges on the 
sample, a dispersion grating is used to separate the different wavenumbers of 
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Raman scattered light. The light is not collected from behind the sample, as it is in 
absorbance. Instead, backscattered light is emitted in all directions and background 
noise is reduced by collecting the light in front of or orthogonal to the sample. The 
spatially separated light is usually detected with a charge-coupled detector (CCD). 
A CCD functions similarly to the photodiode array, but has higher performance and 
is correspondingly more expensive. CCD detectors should be cooled for optimum 
performance, which can limit their use in portable instruments [54]. Fourier 
transform Raman (FT-Raman) instruments are similar in design to FTIR instru- 
ments. Most FT-Raman instruments used in forensic laboratories are actually dual 
FTIR instruments. For several commercial FTIR instruments, a Raman “add-on” 
attachment can be purchased. The instrument can then run FT-Raman using many 
components also used in FTIR analysis, including the interferometer, most of the 
optics, and detector. These instruments can switch between FTIR and FT-Raman 
with minimal effort. Because FTIR and Raman spectra yield complementary 
information, their data can be combined to increase certainty. For example, com- 
bined FTIR/Raman data has been effectively used for unequivocal identification of 
inorganic salts from low explosives. Some salts are more easily identified with 
FTIR, while others are more easily identified with Raman, such that the combined 
data enhances confidence in identification [55]. 

Raman has been used extensively in explosive analysis and provides several 
valuable contributions that supplement other techniques. Raman is nondestructive, 
unless the sample is degraded by the laser source, and can be noninvasive. Water is not 
Raman-active so aqueous samples that are challenging to analyze with other methods 
can be studied with Raman spectroscopy. Most plastics are transparent to Raman 
analysis, so samples can often be left in baggies or bottles and analyzed through the 
container walls if necessary. Raman is particularly useful for the detection of 
peroxide-based explosives, which can be difficult to detect with other methods [47]. 

Raman is also promising for standoff detection, where potential explosive 
devices can be analyzed at a distance for safe identification. Specialized Raman 
instruments have detected bulk explosive materials from a distance of 0.5 km [56]. 
Standoff identification is important for the safety of personnel investigating unex- 
ploded devices. 

Both Raman and FTIR have been coupled with microscopes such that spectral 
data can be visualized spatially on samples. This has proved useful in explosives 
and trace evidence. As an example, small particles of explosive residue on a fin- 
gerprint can be located under the microscope and definitively identified using the 
Raman spectrum of the particle [57]. Explosive particles have also been located and 
identified on other types of evidence, including clothing and fingernails, using 
Raman microscopy [58]. 

The main limitation for Raman is low sensitivity due to the low occurrence of 
Stokes and anti-Stokes scattering as well as interference from fluorescence. 
Additionally, the molecule in question must be Raman-active to produce any useful 
signal, and many substances are not Raman-active. Finally, many of the portable 
Raman instruments have limited libraries for identification, so their use is generally 
limited to screening. 
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1.5 X-Ray Spectroscopy 


1.5.1 Theory of X-Ray Spectroscopy 


Unlike the vibrational spectroscopy techniques discussed earlier, which can provide 
molecular information, techniques using X-rays for excitation and/or detection are 
elemental techniques. The energy of X-rays is higher than UV or IR light and 
corresponds to the energy of core electrons within a particular atom (Table 1.2). 
X-ray photons or electrons from an accelerated electron beam are each energetic 
enough to displace electrons in core energy levels. When this happens, an electron 
from a higher energy level drops into the vacancy and the energy difference 
between its original state and the state it has fallen to is released as a photon. This 
photon has high energy, in the X-ray region, and the energy of the photons cor- 
responds to the identity of the element [59]. 

To understand how X-ray excitation works, it will be helpful to briefly review 
atomic structure using a specific example. Consider magnesium, which has elec- 
trons in three fundamental quantum levels: n = 1, n = 2, and n = 3, in the electron 
configuration 1s2s72p%3 s”, Analytical X-ray methods use the nomenclature K, L, 
and M to refer to electrons in the n=1, n=2, and n =3 quantum states, 
respectively. In this nomenclature, magnesium has 2 K electrons, 8 L electrons, and 
2 M electrons. If an energetic electron or X-ray photon causes the ejection of a K 
shell electron from the magnesium atom, an electron from a higher energy quantum 
level, an L or M electron, will fall into the state left empty by the ejected K electron 
and emit a photon carrying the energy difference between the two states [59]. 

Each element will have multiple characteristic X-ray energies corresponding to 
electron transitions between energy levels. Electrons can be ejected from the K, L, 
or M shells, and the electrons that replace the ejected electron can fall from 
multiple energy levels. With the example of magnesium, a vacancy generated by 
ejection of a K electron could be filled by an electron from either the L shell or the 
M shell. The X-ray photon released from the transition of an L electron to the K 
shell is termed a K, X-ray, while the higher energy photon from the M to K shell 
transition is termed Kg. An electron ejected from the L shell would be replaced by 
an electron from the M shell, yielding the L, X-ray. Magnesium is a small element 
for X-ray analysis, with only 12 electrons. For larger elements, which contain 
numerous electrons, the X-ray spectra get correspondingly more complex and 
information-rich. 

Both X-ray fluorescence and energy-dispersive X-ray spectroscopy (EDS) yield 
X-ray spectra with lines corresponding to the elemental composition of the sample. 
However, XRF excites the core electrons using X-rays while EDS uses an energetic 
electron beam from a scanning electron microscope (SEM). One disadvantage of 
X-ray spectroscopy is that it is biased toward heavier elements. As the atomic mass 
of the analyte decreases, sensitivity decreases dramatically. 
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1.5.2. X-Ray Fluorescence 


X-ray fluorescence (XRF) is a straightforward method for acquiring elemental 
information from samples. Because it is simple and nondestructive and requires little 
or no sample preparation, it has been used extensively in forensic science. While 
primarily used in trace evidence analysis for glass and paint chips [60], it is also 
useful for examining the elemental composition of explosives and components of 
explosive devices. Much of the information obtained from XRF can also be obtained 
using SEM-EDS, and laboratories under budgetary constraints will often have one of 
these instrument types, but not both. Both instruments provide the elemental com- 
position for solid samples with minimal sample preparation. While XRF and EDS 
are much less sensitive than other atomic spectroscopy techniques, such as induc- 
tively coupled plasma mass spectrometry (ICP-MS), their convenience makes them 
the preferred elemental analysis methods for most forensic laboratories. 

The major components in an XRF instrument are the source and the detector. 
The source generates X-rays which excite the sample, resulting in the emitted 
characteristic X-rays. The most common source is a sealed X-ray tube which is 
under vacuum and contains a metal anode and a filament to produce electrons. The 
power applied to the X-ray source is a critical parameter in the sensitivity of the 
instrument and one of the main factors that differentiates commercial instruments 
[61]. The electrons are accelerated under high voltage and strike the metal anode, 
causing X-rays to be emitted. To produce a continuum of energies, which is needed 
to excite a broad range of elements in the sample, the electron beam is accelerated 
to energies beyond what is necessary for emission of K- and L-type X-rays. As this 
highly energetic electron beam approaches the anode, the electrons experience 
repulsion from the electron cloud in the metal anode and slow down, releasing a 
broad range of X-ray energies in the process. The X-rays’ radiation resulting from 
this process is known as bremsstrahlung (“braking”) radiation and is desirable in an 
X-ray source. However, this process can also occur as the X-rays from the source 
approach the sample, increasing the noise in the spectrum by adding background 
X-rays not characteristic of the sample [62]. 

As the X-rays formed exit the source, a slit is used to form a beam which then 
interacts with the sample. The result is the emission of characteristic X-rays as 
described in Sect. 1.5.1. Modern XRF instrumentation can be either configured such 
that the emitted X-rays are separated by wavelength, which correlates with energy, 
before being detected (wavelength-dispersive), or whether all energies of emitted 
X-rays impinge simultaneously on a detector capable of sorting their individual 
energies (energy-dispersive). Wavelength-dispersive instruments have higher reso- 
lution and improved performance for lower Z elements (capable of analysis down to 
oxygen), while energy-dispersive instruments are generally less expensive and 
simpler to operate and can be made portable [63]. Indeed, handheld “point and shoot” 
XRF instruments are widely commercially available and are the most straightforward 
method for determination of elemental sample composition in the field [64]. 
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In wavelength-dispersive XRF (WDXRF) instruments, the emitted X-rays are 
directed to a crystal which causes diffraction of the light according to wavelength. 
The net effect is that the X-rays are physically dispersed according to their energies. 
The detector is placed behind a slit at an angle from the dispersing crystal such that 
only one wavelength of X-ray passes through. By precisely rotating the angle of the 
dispersing crystal, the specific wavelength of X-ray that passes through to the 
detector is changed; the entire range of wavelengths is scanned using careful 
rotation of the dispersing element. 

In an energy-dispersive XRF (EDXRF) detector, all wavelengths of emitted 
X-rays impact a solid-state semiconductor-based detector simultaneously. The 
detector provides a measure of X-ray signal intensity (Y-axis in an X-ray spectrum) 
and determines their energies (X-axis) without the use of a separate dispersive 
element as is used in WDXRF. Interaction of X-rays with the body of a semi- 
conductor detector creates free electrons, which are accelerated toward a collector 
plate using high voltage. The intensity of the signal caused by the electron impact 
with the collector plate is proportional to the energy of the X-ray that generated the 
electron [61]. 


1.5.3. Scanning Electron Microscopy—Energy-Dispersive 
Spectroscopy (SEM-EDS) 


Many forensic laboratories already have scanning electron microscopes (SEMs), 
and relative to the cost of the SEM, energy-dispersive spectroscopy (EDS) is an 
inexpensive add-on. The SEM produces images of a sample by bombarding it with 
an electron beam and detecting the resulting backscattered electrons. As discussed 
in Sect. 1.6, impacting solid samples with energetic electrons can yield character- 
istic X-rays. 

In SEM, an electron beam is generated by a filament and accelerated toward the 
sample using high voltage. When the electron beam impacts the sample, numerous 
interactions can occur. Mainly, backscattered electrons are reflected from and 
secondary electrons are emitted by the bombarded sample. A detector measures the 
intensity of the electrons from the sample as the electron beam is scanned across 
the surface. The intensity of backscattered electrons at each point is processed like 
the intensity of light measured by each pixel in a digital camera. The combined 
intensities at each of these “pixels” produce a full topographical image of the 
scanned sample area [65]. Very high magnifications, in excess of 40,000, can be 
achieved in electron microscopy, and features on the order of hundreds of 
nanometers can be distinguished, though this level of resolution is rarely necessary 
in fire debris and explosive analysis [65]. 

Spectra in EDS are generated using solid-state energy-dispersive detectors, as is 
used in EDXRF. Note that the acronyms EDX and EDAX are synonymous with 
EDS. The electron gun used to generate the SEM images is also the source used to 
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stimulate X-ray emission in the sample. SEM-EDS yields spatial elemental distri- 
bution, a capability that XRF does not provide. Specific spots in images can be 
chosen to acquire EDS spectra. 


1.6 X-Ray Diffraction 


X-ray diffraction (XRD) uses instrumentation similar to XRF and SEM-EDS to 
generate and measure X-rays; however, the analytical mechanism is fundamentally 
different. While the energy of emitted X-rays provides the qualitative information in 
XRF and SEM-EDS, identity information in XRD results from the angle of X-rays 
diffracted by the sample. 

Information from X-rays diffracted by solid samples is used in several related 
analytical techniques, such as X-ray crystallography. However, in most of these 
techniques, the sample needs to be in a pure, well-formed crystal state; the sample 
has to be prepared by growing crystals. In fire debris and explosive analysis, the 
samples are generally small amounts of powdered solids. The type of XRD used for 
these samples is also known as powder diffraction. Minimal sample preparation is 
required for powder analysis, but samples are generally ground to a fine powder to 
improve the signal. XRD of powders requires relatively large amount of sample; at 
least milligram quantities are required. However, in many forensic samples, such as 
intact explosives, sufficient sample is available for XRD analysis. While XRD is 
relatively insensitive, it is highly selective. Compounds can be identified based on 
XRD data, known as diffractograms, with high confidence. The International Center 
for Diffraction Data maintains a database known as the Powder Diffraction 
File (PDF) which contains over 800,000 X-ray diffractograms [66, 67]. 
Commercial XRD instruments search the obtained diffractograms against the PDF. 
Additionally, XRD works well for organic and inorganic samples, provided that 
they have some crystalline structure. XRD is often used in concert with FTIR and 
SEM-EDS. Each of these techniques can analyze bulk powders, requires no sig- 
nificant sample preparation, and provides complementary information. These 
qualities make XRD an excellent technique for explosive analysis and for analysis 
of trace evidence in general [68, 69]. 

Similar to SEM-EDS and XRF, an XRD instrument consists primarily of an 
X-ray source, sample holder, and X-ray detector. The data is derived from incident 
angle of detection; therefore, the angles between the source, sample, and detector 
are carefully controlled. Because the information from XRD is not based on X-ray 
energy, the X-ray source for the analysis is monochromatic. A highly pure anode 
material, often copper, is used to emit characteristic X-rays, and a filter is used in 
the incident beamline to remove all but one wavelength. 

X-rays impinging on the sample are diffracted depending on the molecular and 
crystalline structure of the sample. Diffracted X-rays experience constructive and 
destructive interference based on the angle of incidence and the atomic spacing 
within the structural order of the solid. At specific angles that correlate with the 
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atomic spacing, the diffracted X-rays will experience nearly complete constructive 
interference. The intensity of the X-rays hitting the detector at this angle will be 
high, resulting in a peak. A range of angles, denoted as 20, is scanned by coor- 
dinating the rotation of the detector (Fig. 1.13) with the measured intensity, 
resulting in a plot of intensity versus 20. A typical diffractogram is shown in 
Fig. 1.14. The 20 angle values that yield peaks correspond to the specific 
arrangement of atoms in that compound and can allow for definitive identification 


[63]. 
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Fig. 1.14 X-ray diffraction pattern of ammonium nitrate. Courtesy of Michelle Evans, Bureau of 
Alcohol, Tobacco, Firearms, and Explosives. Note that this figure is identical to Fig. 10.1 
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XRD has the advantage that, like Raman spectroscopy, it is effective for analysis 
of both inorganic and organic components. Depending on how the sample is pre- 
pared, it is possible that certain lines, corresponding to particular crystal orienta- 
tions, will be overrepresented in the sample. This phenomenon is known as 
preferred orientation. In preferred orientation, the crystals in the sample are pref- 
erentially oriented in one particular direction, artificially inflating the contribution 
of that particular phase. Preferred orientation can be avoided by careful sample 
preparation, such as thorough grinding of samples. Care must be taken in prepa- 
ration for XRD samples to avoid preferred orientation. An example of preferred 
orientation and a mitigation technique will be discussed in Chap. 8. Unfortunately, 
XRD is not easily coupled to chromatography so the resulting diffractograms are 
often representative of mixtures. In the case of an impure sample, the confidence in 
identifying each single component in the mixture is somewhat reduced, but XRD is 
more selective for components of mixtures than FTIR. 


1.7. Summary 


A broad variety of instrumentation is used in the analysis of fire debris and 
explosives, and an understanding of the strengths and weaknesses of each is 
essential. In the analysis of an unknown mixture, it is often useful to combine 
techniques to ensure that the components of the mixture are accounted for. For 
example, IR is an excellent definitive technique for pure samples, but it may miss 
lesser components of a mixture, or it may have difficulty with complex mixtures. 
Related compounds, such as various nitrate salts, can appear very similar in IR 
analysis; while they can be differentiated by their peak locations and the number of 
minor peaks, it is also useful to use an elemental technique like XRF or SEM-EDS 
to confirm the elements that are present. Similarly, XRD can be a definitive tech- 
nique, but combining SEM-EDS data with XRD data gives an extra level of 
assurance that the compounds being identified make sense. By understanding the 
instruments in the laboratory’s arsenal, the examiner can be flexible and creative 
with their analysis, which is necessary considering the broad variety of samples that 
may be encountered. 


1.8 Questions 


1. In forensic science, it is often necessary to explain complex instrumentation to 
non-scientists who may serve as jurors. Create analogies or simple explanations 
for GC, MS, and FTIR. After you have finished writing your explanations, find a 
volunteer who does not work in science and does not have a science degree. 
Read them your explanations and have them give you honest feedback about 
what they did and did not understand. 
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Neutron activation analysis (NAA) is a highly sensitive technique for elemental 
analysis. In NAA, a trained radiochemist places the sample into a nuclear reactor 
where it is bombarded with neutrons. The sample then emits high-energy light 
(gamma rays) that are detected and plotted in a spectrum. NAA is much more 
sensitive than XRF or SEM-EDS and gives more definitive elemental analysis. 
However, it is extremely rarely used in forensic chemistry and instrumentation 
for NAA is not found in any local or federal crime laboratories. Explain why. 


. Explain what split and splitless injection techniques are. Describe when you 


would want to use a split injection and when you might want to use a splitless 
injection. 


. The chromatogram shown below is from injection of a mixture of n-undecane 


(C11), n-dodecane (C12), n-tridecane (C13), and n-tetradecane (C14) in a 
pentane solvent. 
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The column is a 100% methyl(DB-1) capillary column, and a temperature 
program was used: 70 °C held for 5 min and then a temperature increase of 10 ° 
C/min until the end of the run at 30 min. Use this information to answer the 
following questions: 


(a) What is the origin of the large peak at ~9 min? 

(b) What was the temperature of the oven when n-dodecane eluted? 

(c) What type of detector could have been used for this analysis? Would an 
ECD detector be appropriate? How about a quadrupole mass spectrometer 
with an EI ion source? 


. Suppose that you are obtaining a UV-Vis spectrum and FTIR spectrum of a 


sample. However, you have decided not to take a background spectrum before 
any of your sample spectra. Not getting a UV—Vis background spectrum will 
only slightly affect the quality of the UV-Vis spectrum for your sample. 
However, not getting an FTIR background before obtaining the FTIR spectrum 
of your sample will severely affect the quality of the FTIR spectrum for your 
sample. Briefly explain. 
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6. Draw a basic block diagram for a hybrid chromatography—mass spectrometer 
system and label all components. You will need to select a specific type of 
chromatography. For the mass spectrometer, select a specific ion source, mass 
analyzer, and detector. Describe what analytes this system would work well for 
and what it would not work well for. 

7. The two mass spectra shown below [70, 71] are both for the organic explosive 
2,4,6 trinitrotoluene (C7HsN30¢, MW = 227.1 g/mol) and were both acquired 
using a quadrupole mass analyzer. One of the spectra was obtained using an EI 
source, and one was obtained using negative-mode CI. 
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State which spectrum was acquired with which ionization source and justify 
your answer. Next identify the ion corresponding to the largest peak in each 
spectrum, using information about the common ions observed. Each is labeled 
with its m/z value. 
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Chapter 2 ® 
Introduction to Fire Debris Analysis 


Jamie Baerncopf and Sherrie Thomas 


Learning Objectives 


e Become familiar with the role of fire debris analysis in the context of a fire 
investigation. 
Learn techniques for analyzing evidence for ignitable liquids. 
Understand the classification of ignitable liquids and data interpretation. 

e Understand analyses outside of ignitable liquid analysis that may fall under the 
fire debris discipline. 

e Learn appropriate report wording for fire debris results. 


Fire is a pervasive problem that causes loss of money, property, and lives. Based on 
an estimate by the National Fire Protection Association (NFPA), over 1.3 million 
fires in the USA were responded to by a fire department in 2015. Intentional fires 
were the fourth leading cause of home structure fires [1]. The focus of fire debris 
analysis is to examine evidence related to fire investigations to identify the presence 
of ignitable liquids, information that may help investigators determine the origin 
and cause of the fire. 

In a survey of fire debris cases in Canada, approximately 63% of the cases had at 
least one sample that contained an ignitable liquid and approximately 48% of 
submitted samples were positive, with 78% of those samples identified as con- 
taining gasoline [2]. Though these numbers are for a single country, they under- 
score the importance of fire debris analysis as an investigative tool. 
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2.1 From Scene to Laboratory 


There is a great deal that happens in a fire investigation prior to submission of 
evidence to the laboratory. It is advantageous for an examiner to have a basic 
knowledge of what happens at the fire scene to better understand their role in the 
larger fire investigation. In a fire investigation, investigators seek to determine the 
cause and origin of a fire [3, 4]. The cause of the fire may be classified as 
accidental, natural, incendiary, or undetermined. Fire investigators use a systematic 
approach to investigate the fire and use their training and experience to evaluate fire 
patterns, potential ignition sources, fuel loads, fire progression, and other factors to 
determine what may have happened. As the fire investigator evaluates the fire 
scene, they may collect evidence to support their hypothesis of how and where the 
fire started. This is where the fire debris examiner fits in: typically, examiners 
analyze evidence recovered from or related to fire scenes to determine if any 
ignitable liquids are present. Common fire debris evidence includes debris from the 
scene, suspect or victim clothing, and liquids found at the scene or during the 
execution of a search warrant. Though closely linked to fire investigation, a fire 
debris examiner should avoid terms that are commonly used during investigations 
such as “arson” and “accelerant,” both of which imply intent. The fire debris 
examiner should be unbiased and report the objective results of their analyses. 

In addition to an investigator’s training, tools may be used to help with sample 
selection at a fire scene. Accelerant detection canines and hydrocarbon detectors 
may be used by some investigators to help locate possible ignitable liquids. Though 
both canines and hydrocarbon detectors can offer excellent sensitivity, they gen- 
erally lack the selectivity offered by gas chromatography—mass spectrometry 
(GC-MS) in the laboratory, due to the abundance of interferences at a fire scene. It 
is important to stress that canines, hydrocarbon detectors, and any on-scene 
detection methods are considered presumptive tests for ignitable liquids. Any 
on-scene alerts must be confirmed by laboratory analysis [3, 5]. 

Investigators may also collect comparison samples. Petroleum products are 
used in the manufacture of a wide variety of household materials [6]. Comparison 
samples may help determine if a matrix being examined, such as flooring or carpet, 
inherently contains an ignitable liquid. Comparison samples may also corroborate 
information from a home or business owner, such as the use of an insecticide on the 
baseboards of a residence or floor treatment in an office. The comparison sample 
should be the same as the material of interest and collected from an area believed to 
be free of any ignitable liquids. In cases in which a fire scene is overwhelmed with 
ignitable liquids or when a scene has been nearly completely consumed by the fire, 
collection of comparison samples may not be possible. 

Because ignitable liquids easily evaporate, any items of evidence to be analyzed 
must be packaged in vapor-tight packaging to prevent sample loss and also to 
prevent contamination [7, 8]. The most common types of packaging for fire scene 
evidence are metal paint cans and bags specifically marketed for fire debris, as 
shown in Fig. 2.1. It is important to realize that common plastic storage bags are not 
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Fig. 2.1 Examples of proper 
fire debris packaging 


vapor-tight and could allow for contamination or loss of sample. Other types of 
containers such as glass mason jars and vials are also acceptable. It is important to 
note that each of these types of packaging has its advantages and disadvantages 
which should be considered by the investigator collecting the evidence. Evidence 
submitted in boxes, paper bags, or other packaging that is not vapor-tight should not 
be analyzed for ignitable liquids as the evidence may have been exposed to outside 
contamination or any traces of ignitable liquid in the evidence may have been lost. 
It is also important that the evidence is packaged correctly at the time of collection 
as contamination can happen within as little as one hour [9]. 


2.2 Beginning a Fire Debris Case 


A fire debris case begins as soon as the examiner has evidence in their custody. 
Generally, evidence is received at the laboratory through an evidence room [10]. 
The first step an examiner should take after receiving the evidence is to properly 
label the evidence containers and conduct an opening inventory [11]. The purpose 
of this inventory is to ensure that the examiner has all items of evidence that the 
investigator intended to submit. Any missing items need to be reconciled with the 
evidence room and/or evidence submitter. 

After all evidence is accounted for, a quick visual examination should follow, 
again, to ensure that all items received are as described by the submitter. If an 
examiner has an item labeled suspect’s clothing, but the item contains fire debris, 
then this discrepancy needs to be resolved. A quick visual examination may also 
help the examiner determine the best analysis scheme for each item of evidence, if 
materials from evidence collection are packaged with the exhibit that should be 
removed, such as gloves, swabs, or additional layers of packaging, or if further 
examinations such as fingerprints or DNA should be added. 
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Oftentimes, general investigative background information is submitted with the 
evidence, which may influence the analysis scheme of the examiner. For example, 
if the evidence is from a kitchen fire, vegetable oil analysis may be of interest to the 
investigator. Since screening for vegetable oils differs from typical ignitable liquid 
screening (see Chap. 4), an investigator may not know to request this type of 
analysis [12]. As such, the background information provided may aid in deter- 
mining the most suitable analysis of the evidence. However, recent discussions 
within the forensic science community have expressed concern that knowing 
investigative information may bias the examiner [13, 14]. Individual laboratories 
may decide how to handle this potential issue in their own way. 


2.3 Analysis of Fire Debris Evidence 


The goal of fire debris analysis is to identify the presence of ignitable liquids in an 
item of evidence. An ignitable liquid is any liquid that will react with oxygen and 
produce a flame when subjected to an ignition source. Ignitable liquids include both 
flammable and combustible liquids, a distinction that is based on flash point. 
Flashpoint is the temperature at which a sample will create a flash flame when an 
ignition source is introduced. Flammable liquids have a flash point below 100 °F, 
and combustible liquids have a flash point at or above 100 °F [3]. Fire debris 
evidence can come in a variety of forms such as liquids and, more commonly, 
burned or unburned matrices including carpet and padding, wood, clothing (victim 
or suspect), shoes, or any material that may retain an ignitable liquid. Preparation of 
liquids for analysis is typically a simple dilution or may involve a liquid—liquid 
extraction if the liquid is aqueous, or water-based. Ignitable liquids that remain in 
the matrix are referred to as ignitable liquid residues (ILRs) and must be isolated by 
extraction. Several different extraction techniques have been utilized in fire debris 
analysis. The main types of extractions are distillation, solvent extraction, head- 
space, and adsorption-elution techniques [7, 15]. Each of these techniques has 
advantages and disadvantages. An understanding of each is important in deter- 
mining the best analytical scheme for an item of evidence. 


2.3.1 Liquids 


Liquids are among the simplest samples to prepare in fire debris cases. These 
liquids may have been removed from a container, such as a red plastic gasoline can, 
or collected from a puddle with a sheen on the surface. An examiner should observe 
the properties of the liquid such as odor, color, and viscosity, and perform an 
ignition susceptibility test (IST). An IST, in which a sample of the liquid is 
exposed to an open flame, is used to determine if the liquid is ignitable. Though the 
IST is a presumptive test, the ease of ignition, color of the flame, and presence/color 


2 Introduction to Fire Debris Analysis 49 


of the smoke should be noted as it may give an examiner an idea of the type of 
liquid present. Gasoline and many other types of liquids typically burn with an 
orange flame and produce a dark-colored smoke. Conversely, oxygenated com- 
pounds, such as acetone or ethanol, tend to burn with a faint blue flame and produce 
little or no smoke. 

If the liquid is ignitable, it may be diluted in an appropriate solvent such as 
carbon disulfide, pentane, or dichloromethane, and injected into the gas chro- 
matograph—mass spectrometer. If the liquid is not ignitable, it may indicate that the 
liquid is aqueous. A quick test of pH may also be useful and can help protect the 
instrument from a strong acid or base being injected. Aqueous liquids can be 
extracted using an organic solvent such as carbon disulfide or pentane to separate 
any potential petroleum products. Further preparation of the liquid such as filtration 
or concentration of the extract may be required prior to analysis by GC-MS. 


2.3.2 Extraction Techniques: Distillation 


Distillation is one of the oldest extraction techniques used in fire debris analysis. 
This technique is mentioned here only for historical value as it has been long 
superseded by headspace techniques [7]. In steam distillation, water is added to the 
evidence and brought to a boil. As the water boils, vapors are produced and con- 
densed into a separate container. In vacuum distillation, no water or solvents are 
used and the evidence is put under a vacuum to allow for the evaporation of volatile 
components. As with steam distillation, the volatilized components are condensed 
in a cooled trap. The resultant distillate could be then analyzed. Though these 
techniques were useful at the time, their elaborate setup, destructive nature, and 
comparative insensitivity have rendered them obsolete. 


2.3.3 Extraction Techniques: Static Headspace 


Static headspace is a technique in which a sample of the headspace above the 
evidence is removed by syringe and analyzed [16]. Some laboratories use static 
headspace as a screening technique because it is simple and nondestructive and 
requires only a short extraction time. It may be suitable for the extraction of low 
boiling compounds such as oxygenates and light petroleum products. However, 
disadvantages of this technique include poor recovery of heavier compounds and 
low sensitivity. In static headspace, the container is heated in an oven or heating 
mantle to a temperature between 60 and 90 °C. Heating allows for a greater con- 
centration of volatile components in the sample to be converted to the headspace. 
However, the container should not be heated above 100 °C as that could cause 
dangerous overpressure problems with wet samples. Heating times can vary, but 
should be sufficient to allow for the sample to come to thermal equilibrium. 
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Using an airtight syringe, a sample of vapor is withdrawn from the headspace of the 
container and then injected into the GC injection port. The syringe should also be 
heated to avoid condensation of volatile components inside the syringe. An air 
blank using the same airtight syringe should be run before all samples to ensure that 
the syringe itself is clean. 


2.3.4 Extraction Techniques: Adsorption 


Adsorption techniques are, by far, the most commonly used techniques to extract 
ignitable liquid residues from a sample matrix. In adsorption techniques, volatile 
components in a sample are collected on an adsorbent and then removed via des- 
orption for instrumental analysis [17—19]. Because the volatile components in the 
headspace accumulate on the adsorbent, they are effectively concentrated. 

There are several parameters that must be considered with adsorption techniques. 
The first parameter to consider is the choice of adsorbent type. The most common 
adsorbent is activated charcoal due to the affinity of activated charcoal for the 
components found in ignitable liquids. Activated charcoal may be in granular form 
or is often used in the form of a polymer strip, which is a homogeneous mixture of 
activated charcoal and embedded Teflon. Other adsorbents include Tenax® and 
polymer-coated fibers used for solid-phase microextraction (SPME). After 
adsorption, desorption is required for analysis by GC-MS. Solvent desorption, also 
known as elution, is used in most techniques, though thermal desorption is used 
with SPME or Tenax®. There are a variety of solvents that can be used to desorb 
ignitable liquid components including pentane, dichloromethane, and diethyl ether; 
however, carbon disulfide has been shown to be best because it has a high affinity 
for activated carbon and effectively displaces the adsorbed components [7]. 

Another important factor is that adsorption techniques may be passive or 
dynamic/active. In passive methods, volatile compounds are allowed to diffuse onto 
the active sites of the adsorbent by placing the adsorbent in the sample headspace. 
Conversely, the headspace of the sample is pushed with a gas (positive) or drawn 
by vacuum (negative) through the adsorbent in dynamic mode (Fig. 2.2). Other 
parameters affecting recovery include temperature and time of exposure. 


Passive Headspace Concentration 


In passive adsorption, also referred to as passive headspace concentration, acti- 
vated charcoal is placed in the headspace of the sample for a set amount of time 
(times generally range from 2 to 24 h) and at a set temperature (ambient or heated 
to 60-90 °C) (Fig. 2.2) [17]. Heating the sample drives the volatiles into the gas 
phase, allowing adsorption onto the activated charcoal. The sample container is 
then removed from the oven and cooled for safe handling. Once the adsorbent is 
removed from the container, it is eluted with a suitable solvent for analysis by 
GC-MS. 
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Fig. 2.2 Passive (left) and dynamic (right) headspace concentration setup. In passive headspace, 
the charcoal strip can be hung on a paper clip and attached to the underside of the can lid using a 
magnet on the outside of the can. In dynamic headspace, two packed charcoal tubes are inserted in 
the lid of the can for extraction 


Historically, packed charcoal tubes have been used for passive headspace 
methods; however, they have been largely replaced by activated charcoal strips. 
Charcoal strips require little sample preparation, and an additional strip may be 
placed in the headspace during extraction to be retained with the evidence in case 
future analysis is required [20]. 

Passive headspace concentration is widely popular for several reasons. It is a 
very sensitive technique that is generally not destructive, so the sample may be 
re-extracted using another extraction technique, using different extraction parame- 
ters, or by another examiner. Though the samples can be prepared in batches unlike 
other techniques, the extraction time is typically long (8- to 24-h extractions are 
common). 

There are extraction effects that should be considered when using passive 
headspace concentration. In this technique, volatile components are trying to 
achieve equilibrium on the adsorbent. Since adsorption is a weak physical attrac- 
tion, components may be displaced by other molecules having a greater affinity for 
the adsorbent during the extraction period. With displacement, larger molecules are 
less likely to be dislodged from the adsorbent than smaller molecules, which leads 
to a possible overrepresentation of heavier components and skewing of data. 
Additionally, aromatic hydrocarbons preferentially adsorb to the activated charcoal 
over alkane components. This skewing is most often seen with very concentrated 
samples due to insufficient adsorption sites. In these instances, the data will reflect a 
shift toward the heavy end of the chromatogram or apparent artificially high aro- 
matic content in the sample. These effects may also be seen with excessively long 
extraction times. Conversely, if extraction temperatures are too low or times are too 
short, the resultant data may underrepresent the heavy content in the sample due to 
insufficient volatilization of the heavier components. These issues should always be 
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considered when deciding appropriate extraction parameters. If the data suggests 
that one of these issues may be a factor, an additional/alternative extraction should 
be considered. There is an abundance of the literature addressing many aspects of 
passive headspace extractions that should be consulted to determine optimal 
extraction parameters [21-25]. 


Dynamic Headspace Concentration 


Dynamic headspace concentration employs an activated charcoal tube through 
which the headspace from the container is pushed or drawn [17, 26, 27]. The 
sample container is fitted with a modified lid or septum with an opening for intake 
and a second opening to attach the charcoal tube (Fig. 2.2). In positive pressure 
mode, a compressed gas, such as nitrogen, is pushed through the intake, forcing the 
headspace through the charcoal tube. In negative pressure mode, a vacuum is placed 
behind the charcoal tube to pull the headspace through the charcoal tube. In either 
mode, the container is heated (60-90 °C) and the temperature monitored. Following 
the extraction process, which typically ranges from 20 to 45 min, the charcoal is 
eluted with carbon disulfide or a suitable solvent, and the extract is then analyzed by 
GC-MS. A sample of the charcoal can also be preserved with the evidence in case 
of future analysis. Unfortunately, though this method offers a short extraction time 
and good sensitivity, it is very labor-intensive, requiring a lot of setup and attention 
from the examiner. As with passive headspace, displacement and overloading can 
be an issue with strong samples or under severe extraction conditions. Displacement 
in a dynamic system is a greater concern than in passive systems, because the 
displaced analyte is forever lost. In dynamic systems, this is referred to as 
breakthrough [7]. Breakthrough includes not only the displacement of previously 
adsorbed analyte, but also when volatile components from the headspace do not 
adsorb on to the adsorbent and are lost. This may occur with flow rates that are too 
high, saturation of the adsorbent with samples of high concentration, or excessive 
extraction times. 


Solid-Phase Microextraction 


Solid-phase microextraction (SPME) is based on the same concept as passive 
headspace concentration; however, the absorbent is a coated fiber rather than a 
charcoal strip and the desorption process is thermal rather than with a solvent [18, 
28, 29]. The SPME assembly consists of the body of the device and a 
septum-piercing needle which is used to protect the SPME fiber inside (Fig. 2.3). 
The septum of the container is pierced with the needle, and the plunger is depressed 
to extend the fiber into the headspace of the sample. As with other adsorptive 
extraction techniques, the sample is heated and the adsorbent is exposed to the 
headspace of the sample for a period of time, typically 5-10 min. The fiber is 
removed from the headspace of the container and inserted in the heated GC 
injection port for thermal desorption and analysis. The fiber should also be analyzed 
prior to adsorption as a blank to ensure the fiber is free of contamination. 
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Fig. 2.3. Example of a SPME assembly with inset of the extended SPME fiber 


SPME is an easy technique with little to no sample preparation, a short 
extraction time, and no hazardous solvents. However, the extraction and analysis 
have not been automated for fire debris analysis, which is not trivial, given the large 
number of samples routinely encountered in casework. Additionally, SPME fibers 
are delicate and expensive, so replacing broken fibers may be cost-prohibitive. 
Unlike other techniques, there is no means for archiving a sample for later analysis 
using SPME. As such, the ASTM standard practice for SPME recommends the use 
of an additional extraction technique with SPME, like passive or dynamic head- 
space concentration, for sample archival. Though this technique has been suc- 
cessfully applied to other areas of forensic science, such as blood alcohol, it remains 
relatively uncommon in fire debris analysis due to these concerns. 


Static Headspace Concentration onto an Adsorbent Tube 


Static headspace concentration onto an adsorbent tube is roughly a combination of 
static headspace sampling and dynamic headspace concentration. In this technique, 
a syringe is used to pull a sample of the headspace through an adsorbent material. 
Tenax®, which is a polymeric resin, is commonly used for this technique and must 
be thermally desorbed [30]. Static headspace concentration onto an adsorbent tube 
is often used internationally, but has not yet gained popularity in the USA. As of 
2018, an ASTM standard practice is under development for this technique. 


2.3.5 Extraction Techniques: Solvent Extraction 


Solvent extraction is a technique in which a suitable solvent is used to isolate any 
potential ignitable liquids from a sample [31]. In this technique, the matrix is rinsed 
or soaked in a solvent. Oftentimes, solvents other than carbon disulfide are used, 
such as pentane or dichloromethane. Alternate solvents are preferred due to the 
large quantities of solvent being handled with this technique, the health hazards 
associated with carbon disulfide, and the fact that carbon disulfide offers no par- 
ticular advantage over other nonpolar solvents, in contrast to its use as a desorption 
solvent. The resultant extract is then analyzed by GC-MS, though it may require 
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filtration or concentration prior to analysis. Non-porous matrices, such as empty 
containers and glass fragments, are better suited for solvent extraction rather than 
porous materials, such as carpet or upholstery. This technique is also good for 
petroleum products that are of low volatility, such as lubricating oils or vegetable 
oils. However, this extraction technique has its disadvantages: it is considered to be 
destructive and labor-intensive, offers poor sensitivity, risks co-extraction of 
components of the matrix, and can preclude other forensic examinations such as 
fingerprints or DNA analysis (see Chap. 11). 


2.3.6 Instrumentation 


The gas chromatograph is the workhorse of the fire debris analysis world as it is 
best suited for analysis of mixtures of volatile components. Gas chromatographs 
equipped with a flame ionization detector (GC-FID) were common in the past and 
are still used in some laboratories as a screening technique; however, the GC-MS is 
relatively standard now in forensic science laboratories for this type of analysis. 
Mass spectrometers are invaluable in the identification of unknown components and 
are particularly useful for the complex mixtures seen with the extraction of fire 
debris evidence. Details on the theory of GC-MS are included in Chap. 1. 


2.3.7 Quality Control Considerations 


Regardless of extraction method, quality control measures are an important aspect 
of fire debris casework. A system or method blank should be prepared with each 
extraction to ensure that no contamination is being introduced during the extraction 
process. This system blank should be prepared in the same manner as the items of 
evidence using the same materials. For an adsorption technique, this would include 
the adsorbent material and any materials used for the extraction such as pipettes, 
paper clips, floss, or other material used to contain or suspend the adsorbent in the 
exhibit. For solvent extraction, any beakers or other containers that may be used in 
the extraction should be screened, as well as materials used for evaporation if the 
extract has been concentrated. For techniques requiring the use of a solvent, 
including adsorption methods with solvent desorption, solvent extraction, and liq- 
uid dilutions, the solvent should be analyzed to ensure it is clean. Some laboratories 
evaporate the solvent of choice down at the time of receipt to ensure the solvent 
does not have any problematic contaminants prior to use in casework. 

There are also quality control checks associated with GC-MS analysis. A quality 
control standard and/or reference material should be run at the beginning and end of 
a sequence to show that the instrument is working properly. Additionally, solvent 
blanks should be run before every sample to show that the system is free of 
contamination or carryover. Some laboratories have conducted studies to show that 
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carryover between samples is negligible and do not run solvent blanks prior to 
every sample. However, solvent blanks are a clear and resounding way to 
demonstrate that the instrument is clean. 


2.4 Classification of Ignitable Liquids 


Classification of ignitable liquids in fire debris analysis is based on chemical content 
and volatility (ease of vaporization), rather than end use [32]. In general, no attempt 
to identify a particular brand should be made, due to marketing and distribution 
practices. Alternatively, it may be helpful to an investigator to report examples of 
types of products within a particular ignitable liquid class, since most investigators 
are not trained in chemistry or in ignitable liquid classifications. This is because 
liquids within the same ignitable liquid class may be marketed as different types of 
commercial products if the properties of the liquid meet multiple end uses, such as a 
medium petroleum distillate being used as a charcoal starter, mineral spirits, and a 
paint thinner (Fig. 2.4). Also, it should be noted that different classes of ignitable 
liquid may be used for the same type of end use product [33]. For example, a 
medium petroleum distillate and a medium isoparaffinic product may both be 
marketed as a charcoal starter. As such, the class of ignitable liquid identified in an 
item of evidence is the critical piece of information for the investigator. 


2.4.1 Petroleum Refining 


In order to understand how ignitable liquids are classified, it is important to have a 
general understanding of the petroleum refining process. This section is meant to 
serve as only a basic and limited overview of petroleum refining. Several sources 
provide a much more complete and detailed description of refinery processes [34, 
35]. It should be noted that terminology from petroleum refining and fire debris 
analysis often overlap, but do not always mean the same thing. The intent of the 
term used can usually be determined by the context. 

Crude oil, or petroleum, is naturally occurring in the earth as a result of the 
decomposition of various animal and plant organisms. It is composed mainly of 
gaseous, liquid, and solid hydrocarbons and hydrocarbon derivatives containing 
oxygen, nitrogen, and sulfur as well as trace metals. Hydrocarbons may be further 
delineated as aliphatic (normal, branched, and cyclic alkanes) and aromatic com- 
pounds, though the ratios of these components vary by crude oil source. Alkanes 
and cycloalkanes are often referred to as paraffin and naphthenes (not to be con- 
fused with naphthalenes), respectively, by the petroleum refining industry. 
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Fig. 2.4 Three different (a) 
commercial products with 

different end uses and very 

similar chemical composition. 
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Generally, the overall goal of a petroleum refinery is to transform crude oil into 
the maximum amount of profitable fuel using chemical and physical means. 
Desirable products from the refinery include fuels like gasoline and kerosene, but 
also a wider range of petroleum products including natural gas, lubricating oils, and 
asphalt. The main processes that occur at the refinery include separation of com- 
ponents of petroleum based on boiling point (fractional distillation), changing the 
size of the hydrocarbons to get them into the desired boiling point range (alkylation 
and cracking), and changing the type of hydrocarbon (isomerization and reforming) 
to get components with desired properties (e.g., converting cyclic alkanes to aro- 
matic compounds). Refineries also have processes to remove undesirable or 
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problematic components such as sulfur or metals, which can then be separately sold 
by the refinery. The feedstocks from these different refinery operations may be 
blended together to get an end product with desired properties for particular 
applications. 


2.4.2 Classes of Ignitable Liquids 


Ignitable liquids, which may be petroleum- or nonpetroleum-based, are classified 
based on guidelines outlined in ASTM E1618 [32]. In this standard test method, 
seven ignitable liquid classes are designated, with an additional miscellaneous/other 
class. The majority of ignitable liquid classes describe petroleum-based ignitable 
liquids. Nonpetroleum-based ignitable liquids fall into the oxygenated and mis- 
cellaneous classes. As mentioned previously, classes are determined based on 
chemical content, particularly the presence or absence of alkane and aromatic 
components (Table 2.1). Alkane components may be normal, branched, or cyclic. 
In the context of ignitable liquids, aromatic components may be characterized as 
simple or polynuclear. Simple aromatics are monocyclic (benzene-based), and 
polycyclic aromatic compounds have multiple fused aromatic rings. The most 
commonly encountered polynuclear aromatic compounds in fire debris analysis are 
the naphthalene-based aromatic compounds. Furthermore, ignitable liquid classes 
may also be subcategorized as light, medium, or heavy, which indicates the boiling 
point range of the petroleum product. 


Table 2.1 Chemical content of each class of ignitable liquid 


Class of Normal Branched | Cyclic Simple aromatics Polynuclear 

ignitable alkanes alkanes alkanes aromatics 

liquid 

Gasoline Present Present Present Dominant Present 

Petroleum Dominant | Present Present May be present May be present 

distillate (range dependent; | (range dependent; 
absent if absent if 
dearomatized) dearomatized) 

Naphthenic— | May be Dominant | Dominant | Dominant Absent 

paraffinic present 

Isoparaffinic | Absent Dominant | Absent Absent Absent 

Normal Dominant | Absent Absent Absent Absent 

alkane 

Aromatic Absent Absent Absent Dominant (range Dominant (range 
dependent) dependent) 

Oxygenate Dominant presence of oxygenated component(s) (petroleum-based content may 

vary or be absent) 
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Petroleum distillates are the least refined class of ignitable liquid. As such, the 
composition mirrors crude oil in a defined volatility range. Petroleum distillates 
contain normal alkanes, branched alkanes, and cyclic alkanes. Petroleum distillates 
may also contain aromatic components, though which aromatic components depend 
on the volatility range of the product. Petroleum distillates may also undergo 
specific refining processes to remove aromatic content, resulting in dearomatized 
distillates. Previously, dearomatized distillates were classified separately from 
petroleum distillates, though now all petroleum distillates (with or without aromatic 
content) are classified together. Petroleum distillates are used in a wide range of 
applications including lighter fluids, paint thinners, and diesel fuel. 

Gasoline is one of the most highly refined products from the refinery due to its 
specific end use and desired properties. Gasoline is characterized by its enhanced 
aromatic content and is a blend of several refinery feedstocks. Because no classes of 
compounds in crude oil are specifically removed, gasoline contains both alkane and 
aromatic hydrocarbons from crude oil in the C,—-C; range, though its overall 
composition is dominated by aromatic compounds. 

Naphthenic-paraffinic products are similar to petroleum distillates with some 
additional refining. Naphthenic—paraffinic products are produced from petroleum 
distillates that have had aromatic components removed and normal alkane content 
greatly reduced or removed. As such, naphthenic—paraffinic products contain only 
branched and cyclic alkanes and may also contain lower levels of normal alkanes. 
The aromatic content is generally negligible. Like petroleum distillates, naph- 
thenic—paraffinic products have a variety of uses including torch fuels and charcoal 
starters. 

Isoparaffinic products are solely composed of branched alkanes. To achieve 
this clean product, significant refining is required. Isoparaffinic products are 
obtained by separating branched alkanes from normal alkanes, cyclic alkanes, and 
aromatic components in the isomerate feedstock. These products are generally 
narrow range products used in low odor products such as paint thinners and 
charcoal starters. 

Normal alkane products are relatively self-explanatory in that they contain 
only normal alkanes in a specified range. These products contain only a few 
components and are produced by separating normal alkanes using a molecular 
sieve. Normal alkane products are typically in the heavy range and are used in 
applications that require low soot burning such as candle oils. 

Aromatic products contain exclusively aromatic components in a desired 
range. They have no alkane content and are generally produced by solvent 
extraction of a feedstock that is rich in aromatic content, such as the reformate 
feedstock. These products are commonly used for their solvating ability in com- 
mercial products such as cleaners or specialty solvents. 

Oxygenated products are those which contain a significant presence of one or 
more oxygenated components such as alcohols, ketones, and ethers. These products 
include solvents such as acetone or isopropyl alcohol, which are not derived from 
crude oil, and products that are a mixture of an oxygenated component with another 
type of petroleum product. 
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ASTM E1618 also includes a miscellaneous class that encompasses any igni- 
table liquids that are not described by the previous seven classes. This class covers a 
variety of ignitable liquids including turpentine, which is not petroleum-based, and 
other petroleum-based ignitable liquids that do not fit neatly into one of the 
aforementioned classes. 


2.5 Data Interpretation 


2.5.1 Pattern Recognition and Pattern Comparison 


The classes of ignitable liquids are defined in terms of chemical content; however, 
identifying ignitable liquids using GC-MS depends on the recognition of specific 
patterns that are diagnostic of each class [7]. Additionally, ignitable liquids can be 
further classified as light, medium, or heavy, based on carbon range, which roughly 
equates to boiling point range. This gives the investigator an idea of the volatility of 
the liquid. The carbon ranges for light, medium, and heavy are C4—Cy, Cg—Cy3, and 
Co-C9,, respectively. Note that these ranges overlap and can be somewhat fluid. 
For example, an examiner may choose to designate an ignitable liquid ranging from 
Cio to Cy4 as medium to heavy to indicate that its volatility falls somewhere 
between the two ranges. Further discussion of ignitable liquid variability will be 
covered in Chap. 5. 

Data interpretation involves pattern recognition and pattern comparison. 
Ignitable liquids may contain only a few components, such as n-alkane products, or 
dozens to hundreds of components, such as petroleum distillates. During the course 
of an examiner’s training, numerous ignitable liquids from all classes should be 
analyzed by GC-MS in order to become familiar with and learn to recognize 
petroleum patterns. References and standards are available that demonstrate the 
broad range of petroleum patterns [36, 37]. Once a pattern is recognized as 
indicative of a petroleum product, it is compared to a reference ignitable liquid to 
demonstrate the consistent pattern. It should be noted that nonpetroleum-based 
ignitable liquids, such as oxygenated products or turpentine, generally cannot be 
identified using pattern recognition. These must be identified by comparison of 
retention times and mass spectra of constituent components to a reference. 

It is important to understand that, for the majority of ignitable liquids, particu- 
larly the petroleum-based liquids, a single peak does not indicate an ignitable liquid. 
Rather, groups of peaks in specific ratios and patterns are used to identify ignitable 
liquids. There are numerous volatile components that are common to both ignitable 
liquids and in the pyrolysis and combustion of common household materials. This 
topic will be discussed in Chap. 3 [6, 7]. Therefore, the importance of pattern 
recognition over picking individual peaks out in a chromatogram cannot be 
overstated. 
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2.5.2 Extracted Ion Profiles 


Typically, diagnostic patterns are first observed in the total ion chromatogram 
(TIC), which is a sum of the entire signal produced by the mass spectrometer. 
Extracted ion profiles (EIPs) are also used to highlight specific chemical classes, 
such as the alkane or aromatic content in a sample. EJPs are constructed by 
selecting a group of ions (m/z ratios) and plotting the sum of only their signal, rather 
than the entire signal as is done for the TIC. These ions can be viewed singly as 
extracted ion chromatograms (EICs), though often the sum as shown in the EJP 
gives a better overall picture of the entire class of compounds. It is important to note 
that peaks outside the chemical class of interest may appear in an EJP. For example, 
nonane and decane are often seen in the polynuclear aromatic EJP since they have 
ions in their mass spectra that are included in that profile. These peaks should not be 
considered part of a characteristic pattern in the EIP. Table 2.2 gives common 
groups of ions used to visualize the alkane, cycloalkane/alkene, simple aromatic, 
indane, and polynuclear aromatic (PNA) content in ignitable liquids. It is important 
to understand that no one single EIP should be used on its own to identify an 
ignitable liquid; it must be used in context with other EJPs and the TIC. 


2.5.3 Diagnostic Patterns: Petroleum Distillates 


A major diagnostic pattern is a Gaussian pattern of spiking n-alkanes with lower 
branched and cyclic alkane content, which is indicative of petroleum distillates. 
This pattern can be observed in the total ion chromatogram and the alkane EIP. The 
shape and breadth of the pattern depend on the carbon range of the product. 
Medium and heavy petroleum distillates (MPD, HPD) have a clear bell-curve 
shape, with heavy petroleum distillates tending to span a broader carbon range. The 
shape of the bell curve for light petroleum distillates (LPDs) may not be as clear as 
medium or heavy petroleum distillates. Due to the volatility of LPDs, the left side of 
the curve may be missing as those components are generally too light to appear in a 
chromatogram under typical conditions. Additionally, it is common to see a rela- 
tively high abundance of branched and cyclic components in these products, 
compared to medium or heavy distillates, as there are fewer isomers for the smaller 
hydrocarbons in the light range. Figure 2.5 shows an example of a light, medium, 
and heavy petroleum distillate. 


Table 2.2 Ions summed to Chemical class EIP (m/z) 

create each extracted ion Ak ie 

profile (EIP) ane 57, 71, 85, 99 
Cycloalkane/alkene 55, 69, 83, 97 
Simple aromatic 91, 105, 119, 133 
Indane 117, 131, 145 


Polynuclear aromatic 128, 142, 156 
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Fig. 2.5 TIC of a light (a), (a) 
medium (b), and heavy 
(c) petroleum distillate 
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2.5.4 Diagnostic Patterns: Gasoline (and Aromatic 
Products) 


Gasoline has a very recognizable pattern of aromatic components necessary for its 
identification. As stated previously, gasoline is characterized by dominant aromatic 
content ranging from toluene through the Cy,-alkylbenzenes. The ratios of the 
aromatic compounds within each group of alkylbenzenes and between the groups 
are key in the identification of gasoline. The pattern can be observed in the TIC and 
the aromatic EIP in Fig. 2.6. Though the pattern of the aromatic content in gasoline 
gets the most attention, patterns in the other EIPs need to be considered as well. The 
indane and PNA EIPs also have diagnostic petroleum patterns. While these patterns 
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Fig. 2.6 TIC (a), aromatic EIP (b), indane EIP (c), and polynuclear aromatic EIP (d) of gasoline 


are not exclusive to gasoline, they are considered indicative of a petroleum product 
and may be present in any petroleum product within a given range. The alkane EIP 
is also important in identifying gasoline, as the presence of alkane content separates 
gasoline from an aromatic product. The alkane content varies greatly from one 
gasoline to another and can be similar to a distillate or isoparaffinic pattern in the 
alkane EIP. Additionally, gasoline often contains ethanol (up to 10%), which is 
added to enhance the octane rating [35]. 

It is important to note that the aromatic patterns seen in gasoline are also the 
same patterns seen in aromatic products. As opposed to gasoline, aromatic products 
generally have a narrow range which may only cover toluene and xylenes or only 
the C3-alkylbenzenes, depending on the cut (Fig. 2.7). The ratios within the groups 
of alkylbenzenes will be similar to those seen in gasoline, though ratios between 
groups may vary. With this similarity in mind, alkane content and overall breadth of 
the aromatic pattern are critical in differentiating these two classes. 


2.5.5 Diagnostic Patterns: Isoparaffinic 
and Naphthenic—Paraffinic Products 


Though isoparaffinic and naphthenic—paraffinic products are not traditionally con- 
sidered to have diagnostic patterns, petroleum patterns indicative of these classes 
can be just as recognizable as a Gaussian curve in petroleum distillates or aromatic 
content in gasoline. Both classes are characterized by their alkane content and have 
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Fig. 2.7 TIC of four different aromatic products ranging from light to heavy 
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Fig. 2.8 Isoparaffinic product TIC (a) and alkane EIP (b) showing very similar patterns and 
naphthenic—paraffinic product TIC (c) and alkane EIP (d) showing a pattern of petroleum 
branching similar to a petroleum distillate 


reduced or removed aromatic content. The alkane and cycloalkane EIPs can be 
helpful in identifying these classes [Fig. 2.8]. The alkane and cycloalkane EIPs for 
isoparaffinic products are nearly identical to each other and the TIC, with the only 
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notable difference being the abundance. Oftentimes, naphthenic—paraffinic products 
look similar to petroleum distillates, with the spiking n-alkanes missing or greatly 
reduced. This resemblance is often more obvious in the alkane EIP than in the TIC. 
For both classes, heavy products are typically unresolved envelopes due to the large 
number of isomers for larger hydrocarbons. 


2.5.6 Mixtures 


An ignitable liquid may contain more than one recognizable petroleum pattern. 
A mixture may be the result of the presence of two different commercial products or 
may be a single product that contains a blend of more than one class of ignitable 
liquid. For example, Fig. 2.9 shows a commercial product that is a mixture of a 


(a) 1 


Time (min) 


Fig. 2.9 TIC of a commercial product that contains a medium aromatic product and a 
medium-to-heavy petroleum distillate (a), compared to a more traditional petroleum distillate (b). 
(1) C3-alkylbenzenes, (2) undecane, (3) dodecane, (4) tridecane, (5) tetradecane 
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medium aromatic product and a heavy petroleum distillate compared to a product 
that only contains a heavy petroleum distillate. A petroleum distillate may contain 
C;-alkylbenzenes, (depending on the range of the distillate and if it is not dearo- 
matized); however, the abundance of the aromatic pattern in a distillate is lower 
than the alkane content. When the relative abundance of the aromatic content 
increases above the level that can be expected in a petroleum distillate, the examiner 
may consider the presence of a mixture. If each pattern is sufficiently distinct, both 
patterns may be identified. However, due to the overlap of components in all 
ignitable liquids, identification of mixtures should be approached with caution. 

Reporting of mixtures may vary between laboratories. Some laboratory proto- 
cols allow an examiner to identify the presence of both classes of ignitable liquid in 
a sample. In order to help the investigator in understanding the results, a qualifying 
statement should be included to indicate that the mixture may be a result of multiple 
ignitable liquids or a single commercial product. An example of such a qualifier for 
the product shown in Fig. 2.9 is provided below: 


Exhibit 1 contained a medium aromatic product and a heavy petroleum distillate. It could 
not be determined if Exhibit 1 contained two individual products or a single commercial 
product. 


Conversely, some laboratory protocols may require such mixtures to be reported 
as a miscellaneous product. Though this option is acceptable, the identification of 
each component in the mixture, rather than grouping them together as a miscella- 
neous product, may provide better and more detailed information for the investi- 
gators. A miscellaneous classification is not specific for the investigator, whereas 
listing each class separately may provide a lead. In addition, reporting a miscel- 
laneous product could imply a single commercial product and potentially be 
misleading. 


2.5.7 Single Components 


Not all ignitable liquids are complex mixtures that can be identified using pattern 
recognition and pattern comparison. Ignitable liquids that consist of a single or very 
few components are identified by comparing retention times and mass spectra to a 
reference liquid or standard. Nonpetroleum-based ignitable liquids such as oxy- 
genated compounds/solvents (ethanol, isopropanol, and methyl ethyl ketone, to 
name a few) and terpenes are identified in this way. It should be noted that terpenes 
are naturally occurring in some woods and a discussion of their identification is 
included in Chap. 3. Caution should be exercised when identifying single com- 
ponents as many components of interest, such as acetone or toluene, may also 
originate from the matrix (see Chap. 3). Many examiners find it useful to use a rule 
of thumb for identification, wherein the single component should be greater than the 
abundance of the matrix peaks by a factor of 10 for identification. 
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Identification using retention times and mass spectra should also be considered 
when identifying classes of ignitable liquids that typically have very few compo- 
nents since these liquids do not have a sufficient pattern to use for pattern recog- 
nition. Some examples of classes that may require single component identification 
include n-alkane and some aromatic products. 


2.5.8 Complications in Data Interpretation 


So far, the discussion and figures in this section have concerned the identification of 
neat ignitable liquids. The identification of ignitable liquid residues extracted from a 
matrix such as fire debris or clothing is often much more complex. There are 
multiple issues that complicate this type of data interpretation including 
evaporation/weathering of ignitable liquids, co-extraction of interfering volatile 
components from a matrix, ignitable liquids inherent to a particular matrix, and 
microbial degradation of petroleum products. These issues are covered in detail in 
Chaps. 3, 5, and 6. 


2.6 Other Fire Debris Examinations 


Occasionally, examinations or analyses outside of typical ignitable liquid testing 
will be requested of a fire debris examiner. These examinations may include 
analysis of lubricating oils, vegetable oils, and incendiary devices. 


2.6.1 Lubricating Oils 


Lubricating oils potentially fall under the scope of a fire debris examination 
because they are petroleum products. Lubricating oils come from a heavy boiling 
fraction of crude oil and generally contain an unresolved envelope of hydrocarbons 
ranging from Cjg to Cag, [35]. There are multiple types of lubricating oils including 
conventional lubricating oils from crude oil, synthetic lubricating oils that are 
modified petroleum products, and synthetic blends, which are mixtures of con- 
ventional and synthetic lubricating oils (Fig. 2.10). Additional components such as 
glycols and esters may be added to some lubricating oils to alter their properties. 
Unlike ignitable liquids, lubricating oils are not generally detected using typical 
headspace methods as they are not volatile. A solvent extraction should be per- 
formed after routine ignitable liquid or explosive analysis if a lubricating oil is 
suspected. Though some components of lubricating oils can be observed using a 
typical GC-MS, a high-temperature instrument (HTGC-MS) is preferred for iden- 
tification of heavier oils [38-40]. Lubricating oils should be compared to a 
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reference lubricating oil for identification. Features for comparison include carbon 
range, unresolved envelope shape, and location of the maximum of the unresolved 
envelope. 

Questioned and known lubricating oils may be compared using HTGC-MS, 
which requires a special injection port (programmable temperature vaporization), 
column (typically aluminum or polyimide-clad), and temperature program (reach- 
ing temperatures above 350 °C). For example, Fig. 2.11 shows the comparison of a 
questioned lubricating oil found in an incendiary device to two lubricating oils 
recovered from a suspect’s house. The lubricating oil from the scene and one of the 
oils from the suspect’s house were found to be similar in chemical composition 
based on carbon range, envelope shape, and envelope maximum and therefore 
could have originated from the same source or another source with the same 
chemical composition. 


2.6.2 Vegetable Oils 


Vegetable oils are increasingly included in fire debris analysis due to the propensity 
of some oils to self-heat, which may lead to spontaneous ignition and cause a fire 
[41-44]. Vegetable oils are composed of triglycerides, which are three fatty acids 
connected by a glycerol backbone. Vegetable oils are prone to self-heating when 
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Fig. 2.11 Comparison of a lubricating oil extracted from the debris of an incendiary device 
(a) and two lubricating oils recovered from the suspect (b, ¢) analyzed by HTGC-MS 
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they have a large percentage of polyunsaturated fatty acids. Examples of vegetable 
oils that are prone to self-heating include linseed oil and tung oil, which are 
commonly used as drying oils and wood finishes. 

Because of this difference in chemical composition from petroleum-based 
ignitable liquids, different methods of analysis need to be used. Vegetable oils are 
isolated from fire debris using solvent extraction rather than a headspace technique. 
When analyzing a neat vegetable oil, the oil is diluted in pentane or other suitable 
solvent. Because triglycerides and free fatty acids in vegetable oils are not well 
suited for analysis by GC-MS, the solvent extract or diluted liquid is derivatized to 
form fatty acid methyl esters (FAMEs), which are more easily analyzed by GC-MS 
[45]. Further background information and guidance on extraction and analysis of 
vegetable oils can be found in Chap. 4. 


2.6.3 Incendiary Devices 


An incendiary device is a device that is designed to start or communicate a fire. 
There are many effective device constructions available to would-be arsonists, and 
it is important for an examiner to be somewhat familiar with the most common 
types. The simplest and perhaps most common incendiary device is a Molotov 
cocktail. A Molotov cocktail is assembled by filling a breakable container with an 
ignitable liquid and inserting a wick. More complicated devices are relatively rare. 
Analysis of incendiary devices should include screening for ignitable liquids as well 
as a thorough description of all of the components that make up the device. 
Additional instrumental analysis, such as FTIR or SEM-EDS, may be necessary to 
characterize components of the device. 

Additionally, when analyzing an incendiary device, the examiner should con- 
sider the wealth and variety of evidence that may be present and coordinate with 
examiners from other disciplines. Components of incendiary devices are often great 
sources of fingerprint, DNA, or trace evidence (see Chap. 11). Additionally, some 
devices may be a combination of both ignitable liquids and explosives. 

It should be noted that incendiary devices, particularly Molotov cocktails, pose a 
packaging challenge for investigators. Any devices or components that are to be 
analyzed for ignitable liquids must be packaged in vapor-tight packaging. While 
breathable packaging is preferable for fingerprints and DNA, vapor-tight packaging 
is required for fire debris analysis. If the Molotov cocktail is intact, a sample of 
liquid should be removed from the bottle for ignitable liquid analysis. The 
remaining liquid in the bottle can be discarded and the bottle dried and packaged for 
fingerprints and DNA. The wick of the Molotov may then be packaged in a can to 
preserve any ignitable liquids. Depending on the material used for the wick, it may 
also be examined for DNA and even fingerprints. If the Molotov cocktail has been 
deployed, the fragments of glass and wick should be packaged separately in 
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vapor-tight packaging to avoid contact between the glass and the wick which may 
impact the recovery of DNA or fingerprints. Packaging for other types of incendiary 
devices should be considered on a case-by-case basis. 


2.7 Reporting Results 


2.7.1 General Reporting Guidelines 


At the conclusion of a fire debris examination, the examiner will issue a scientific 
report of the results. The report should detail the items of evidence analyzed and the 
results for each item. Usually, the results consist of identifying the presence or 
absence of an ignitable liquid. If an ignitable liquid is present, the class should be 
reported. The volatility range may also be included by designating the class as light, 
medium, or heavy. Sometimes, the report may also include a detailed physical 
description of the evidence. This type of result is particularly of interest for 
incendiary devices where description of device components may help link multiple 
devices or assist in the execution of a search warrant. 

It should be noted that this report is intended for the investigator who submitted 
the evidence and the content and wording of the report should reflect this audience. 
The investigator likely only has a basic chemistry background and _ limited 
knowledge of petroleum products and refining. When reporting the class of igni- 
table liquid, it is often helpful to the investigator to list some examples of com- 
mercial products of this class (e.g., some examples of medium petroleum distillates 
include some paint thinners and charcoal starters). However, results should never 
report an item as containing a specific commercial product. As mentioned previ- 
ously, petroleum products of the same class could be marketed as a wide variety of 
commercial products with different end uses. Along the same lines, a single com- 
ponent should be reported with examples of common uses or sources to help the 
investigator better understand the context and significance of the result. 

Additionally, the examiner should not use misleading or unclear terminology in 
the report. For example, a report should never include the words “hydrocarbon(s)” 
or “volatile component(s)” as they are non-specific and not indicative of or 
exclusive to petroleum products, nor should the report include phrasing such as 
“components consistent with,” “in the boiling range of,” or “characteristic of,” as 
their intent is unclear to the investigator, particularly if no ignitable liquid class is 
being reported. This may lead to a confused investigator wondering if an ignitable 
liquid was really present. Terms such as “residue,” “evaporated,” or “weathered” 
may be used to describe the condition of the ignitable liquid recovered, though 
“fire-aged” should be avoided as it implies that this condition is the result of a fire, 
which may or may not be true. As mentioned previously, ignitable liquids should 
never be referred to as “accelerants” as that term implies intent rather than an 
objective result. 
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2.7.2 Qualifying Statements 


The presence of ignitable liquids in evidence is not, in itself, an indication of an 
incendiary fire, nor is the absence an indication of a natural or accidental fire. There 
are multiple legitimate reasons for an ignitable liquid to be present: gasoline found 
in a garage fire or a medium petroleum distillate (often in paint thinners) found in an 
art studio. Conversely, there are several reasons for a particular item to be reported 
as not containing an ignitable liquid: the ignitable liquid was completely consumed 
in the fire, ignitable liquids were present at the scene, but not in the specific item 
that was collected, or possibly ignitable liquids were indicated in the GC-MS data, 
but the signal or pattern was not clear or strong enough for identification. 

Some laboratories include qualifying statements in their reports to give an 
additional perspective to the results. These statements should be used with caution as 
it is generally considered to be beyond the scope of the examiner’s role to determine 
the reason that an ignitable liquid may be present or absent. Also, these statements 
may produce the appearance of bias, particularly if a qualifying statement is only 
provided for negative results. An acceptable qualifying statement would give pos- 
sible reasons for both positive and negative results. ASTM E1618 provides examples 
of a qualifying statement for positive and negative results [32]: 


Positive results: The identification of an ignitable liquid residue in a fire scene does not 
necessarily lead to the conclusion that a fire was incendiary in nature. Further investigation 
may reveal a legitimate reason for the presence of ignitable liquid residues. 


Negative results: The absence of an ignitable liquid residue does not preclude the possi- 
bility that ignitable liquids were present at the fire scene. Ignitable liquids are volatile 
compounds that may have evaporated, been totally consumed in a fire, environmentally 
altered or removed, or may be otherwise indistinguishable from background materials. 


2.8 Questions 


What are common types of packaging for fire debris analysis? 

Why are ignitable liquids classified and not brand identified? 

What is the goal of the petroleum refinery? 

How are ignitable liquids classified? Describe each class. 

Explain the two components of data interpretation. 

What are comparison samples and why should comparison samples collected be 

the same as the material of interest? 

7. Why are lubricating oils and vegetable oils potentially included in fire debris 
analysis? 

8. What is an incendiary device? Describe how to package an intact Molotov 
cocktail. 

9. Why should fire debris examiners avoid terms such as “arson” and “accelerant’’? 


Oy 
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Chapter 3 ® 
Background Interference in Fire Debris © 
Analysis 


P. Mark L. Sandercock 


Learning Objectives 


e Learn why is it important to be aware of the types of volatile and semi-volatile 
compounds present in burned and unburned substrates. 

e Understand the three different mechanisms by which background or potentially 
interfering compounds in fire debris samples may arise: pyrolysis, combustion, 
and distillation. 

e Understand the different sources of potentially interfering compounds encoun- 
tered in fire debris analysis. 

e Become familiar with the three main pathways or mechanisms, by which 
pyrolysis products are formed from polymers. 

e Understand the importance of generating pyrolysis data from a variety of burned 
and unburned substrates, and how this data assists in identifying which com- 
pounds extracted from a sample of fire debris originated from the substrate and 
which came from an ignitable liquid. 


3.1 Introduction 


As discussed in Chap. 2, the forensic analysis of fire debris normally consists of 
headspace extraction of volatiles from the debris onto activated carbon [1, 2] or 
using solvent extraction [3], followed by analysis using gas chromatography—mass 
spectrometry (GC-MS) [4]. It should be re-emphasized that solvent extraction will 
recover a wider range of compounds, both volatile and semi-volatile. Regardless of 
whether headspace or solvent extraction is employed, fire debris will often contain a 
plethora of compounds that originate from the substrate (e.g., carpet, wood, vinyl 
flooring, clothing, furniture, etc.) removed from the scene. If an ignitable liquid is 
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also present in the fire debris sample, then compounds from both substrate and 
ignitable liquid will appear together in the chromatogram. 

In fire debris analysis, the presence of any volatile compounds in the sample that 
may interfere with the identification of an ignitable liquid is known as the back- 
ground. These volatile background compounds often originate from the pyrolysis 
and combustion of material at the fire scene. In addition, volatile compounds such 
as terpenes from softwoods, the products of human perspiration in clothing, or 
traces of solvent that remain after the application of a furniture or floor finish may 
be found in unburned substrates. These volatiles are observed in the analysis of fire 
debris as a background profile in the resulting chromatogram and, depending on the 
types of compounds and their concentration, can interfere with the identification of 
an ignitable liquid. These interfering background compounds are commonly present 
in fire debris samples, so it is important for the fire debris examiner to understand 
their origin and which compounds comprise the background so that a proper 
interpretation of the chromatographic data and correct identification of any ignitable 
liquids may be made [5, 6]. 

In general, background compounds in fire debris samples may arise via three 
different mechanisms: pyrolysis, combustion, and distillation. Pyrolysis, the ther- 
mal degradation of organic compounds, has long been recognized by forensic 
scientists as the mechanism by which volatiles are generated from burning sub- 
strates (e.g., wood joists, plywood subfloor, flooring materials, and furnishings) at 
the fire scene [7]. Technically, pyrolysis is a chemical reaction caused by the 
application of thermal energy (heat) in the absence of oxygen [8]. Pyrolysis acts on 
organic compounds to form new compounds and is often considered to be a 
degradation process where larger molecules are broken down into smaller ones. In 
structure fires, thermal degradation in low oxygen environments may be considered 
a form of pyrolysis. Combustion is the thermal reaction of organic compounds in 
the presence of oxygen, which under ideal conditions will produce only carbon 
dioxide and water. More typically at a fire scene, however, incomplete combustion 
will occur, resulting in the formation of new compounds [9, 10]. Combustion may 
also be thought of as “oxidative pyrolysis” [8]. Distillation is the process, whereby 
volatile organic compounds are released or extracted from a material by the 
application of heat. A common example of distillation at a fire scene is the release 
of various terpenes from burning softwood [11], a material often used in residential 
wood frame construction, which may then condense and concentrate on cooler 
materials at the scene. In practice, all three processes will occur simultaneously at a 
fire scene and so interfering compounds from all three processes may be present in a 
sample of fire debris. 
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3.2 Interference from Burned Materials at the Fire Scene 


The vast majority of interfering compounds encountered during the analysis of fire 
debris samples will arise from materials that have been burned. Residential 
(single-family dwellings, apartments, etc.) and commercial (i.e., office building, 
factories, etc.) structures, as well as motor vehicles, are made from a wide variety of 
materials, both naturally occurring (i.e., wood) and synthetic (i.e., plastics), that are 
capable of burning. Conditions during the fire, including heating rate, temperature 
range, and the availability of oxygen, will result in pyrolysis and incomplete 
combustion of the materials present and in some cases distillation, which in turn 
will give rise to many different volatile compounds. These compounds may then 
condense on cooler surfaces at the scene—such as flooring—or become adsorbed 
onto cooler, nonflammable materials such as fiberglass insulation. The presence of 
these compounds, particularly in high concentrations, may interfere with the 
detection and identification of an ignitable liquid that was added to the scene by an 
arsonist to accelerate the fire. Some of these interfering compounds may be the 
same as those present in some ignitable liquids, which may lead to the false-positive 
identification of an ignitable liquid if the full pattern of the ignitable liquid, 
including relative ratios of compounds within a group, is not taken into account. 


3.2.1 Wood 


In North America, wood accounts for a large proportion of the building material 
used by the construction industry. Often used in the construction of residential 
dwellings—from single-family homes to multi-story condominiums—wood is used 
as structural support and may also be found in subfloors, studs, joists, and trusses, 
as well as in exterior applications such as cladding, doors, window frames, porches, 
and decks. Wood is also commonly used as an interior finish in buildings and may 
be used for flooring, baseboard, cabinetry, interior doors, etc. As a result, samples 
of wood are often collected at fire scenes to help determine whether or not the fires 
were the result of arson. 

The structure of wood consists mainly of two natural polymers: cellulose and 
lignin. Cellulose, which is a polysaccharide (i.e., a polymeric carbohydrate), is the 
structural component of plants. It is the most abundant polymer in wood, consti- 
tuting approximately 50% of dry wood by weight [12]. Lignin, a network of 
phenolic compounds, is the second most abundant material in wood. It makes up 
approximately 23-33% of dry softwoods and 16-25% of hardwoods, by weight 
[12]. 

Pyrolysis of wood will cause a large number of volatile organic compounds to be 
formed. One of the most comprehensive lists of thermal degradation products from 
wood was published by Faix et al. Faix catalogued electron impact data for 82 
monomeric lignin-derived degradation products, many of which are alkylated 
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phenols [13, 14], and 104 polysaccharide (i.e., cellulose)-derived compounds [15, 
16], many of which were alcohols, aldehydes, esters, and furans. 

The pyrolysis of cellulose proceeds via depolymerization to form the 
anhydro-monosaccharide levoglucosan (an anhydrous hexose) [17], which may 
then rearrange into various other anhydro-monosaccharides [18]. Although it is not 
clear if depolymerization occurs via an ionic or free radical mechanism [17], 
levoglucosan is formed via random cleavage of the bonds in the cellulose polymer 
backbone (known as random chain scission). Specifically, the bond between carbon 
C1 and the hydroxyl oxygen atom attached to carbon C6 occurs (Fig. 3.1). 


levoglucosan glucose 
CH 
f 
fe) HO. oN 
re) Son 
furfural 1,1-dihydroxyacetone 2-hydroxyacetaidehyde 


1@} OH 
\ O OH fe) 
\ J Ho. 440 wo JL on 
5-(hydroxymethyl}furfural —2,3-dihydroxy-,(S)-propanal _1,3-dihydroxy-2-propanone 


Fig. 3.1 Proposed pathway for the pyrolysis of cellulose 
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Fig. 3.2. Three main lignin precursors: p-coumaryl, coniferyl, and sinapyl alcohols (IUPAC 
names are 4-[(E)-3-hydroxyprop-1-enyl]phenol, 4-[(E)-3-hydroxyprop-1-enyl]-2-methoxyphenol, 
and 4-[(E)-3-hydroxyprop-1-enyl]-2,6-dimethoxyphenol, respectively) 


Repeated random chain scission followed by cyclization within the remaining 
cellulose oligomer will eventually “unzip” the molecule into the corresponding 
monomer. Levoglucosan then undergoes further reactions to produce a variety of 
other compounds [19]. 

Different mechanisms have been proposed in the literature for the formation of 
these other compounds, such as the furans (e.g., furfural, furfuryl alcohol, and 
5-hydroxymethylfurfural [5-HMF]) [17-19]. For example, it has been proposed 
that, beginning with levoglucosan, the intermediate glucopyranose (glucose) may 
be formed via ring-opening between the oxygen and Cl of the C6é—O-C1 cycle, 
followed by rehydration [19]. It is then proposed that the glucopyranose immedi- 
ately undergoes a variety of secondary reactions to form other species such as 
furans, hydroxyacetaldehyde, aldehydes, and ketones, which are often present in 
fire debris samples [20]. 

Lignin is a cross-linked polymer, and it is commonly accepted that it is formed 
via an enzyme-mediated polymerization of three phenolic alcohols: p-coumaryl, 
coniferyl, and sinapyl [21] (Fig. 3.2). Thus, lignin is largely composed of 
phenylpropane units [22] which account for the abundance of substituted phenolic 
compounds generated when wood is pyrolyzed [13, 23]. The prominent molecular 
structures in softwood lignin have been proposed [24]. Pyrolysis of lignin pri- 
marily produces volatile monomeric compounds, including various alkylphenols 
and methoxy-substituted alkylphenols [23]; however, secondary reactions that 
recombine monomeric species into their respective dimers have been observed 
and serve to demonstrate the complexity and variety of reactions that may occur 
under pyrolytic conditions [23]. Some of the possible reaction pathways for the 
formation of lignin pyrolysis products have been summarized elsewhere 
[25-27]. 


Thermal Rearrangement 


A special case of pyrolysis is the generation of new isomers by thermal rearrange- 
ment. A good example of thermal rearrangement is the conversion of o-pinene to 
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Fig. 3.3. Thermal conversion of o-pinene | via biradical 2 to produce racemic mixture of 
limonene 3 (dipentene) 


limonene and other isomers [28] which are often detected in samples of fire debris 
containing softwood. The monoterpene «a-pinene is often released via distillation 
when heat is applied to softwood lumber. While this thermal isomerization has been 
known for a long time [29], the mechanism and kinetics by which it occurs were not 
elucidated until more recently [30, 31]. In the gas phase, a-pinene converts to a 
resonance stabilized allyl-type biradical intermediate before undergoing a hydrogen 
shift from the isopropyl substituent to C1 to form a racemic mixture of limonene [31] 
(Fig. 3.3). A gas-phase kinetic study showed that the conversion of -pinene to 
limonene increases with increasing temperature between 300 and 500 °C [31]. 
Thus, it is not unexpected to identify limonene in fire debris containing softwoods. It 
is important to note that limonene is also used as a fragrance in many consumer 
products, including household cleaners, and even in fire suppression foams, so 
it may be indigenous to the fire scene or added as a result of fire suppression 
activities. 


3.2.2 Plastics 


Synthetic polymers, known as plastics, have an important role in modern buildings 
and motor vehicles. In both building construction and interior design, plastics have 
replaced traditional building materials such as wood, glazed clay products, and 
nonferrous metals [32]. Plastics are usually less expensive than traditional building 
materials and often perform certain functions better. Plastics are used in furniture, 
flooring, plumbing, thermal insulation, decorative moldings, coatings, adhesives, 
fabrics, and upholstery foams. In the late 1980s, a series of review articles were 
published that examined the thermal decomposition products for seven different 
types of plastics commonly found in structures such as residences and offices 
[33-39]. Even though these review articles were published in the 1980s, many of 
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these plastics are still used in our homes, offices, and vehicles and so their products 
of combustion are likely to be present in debris collected from a fire scene [40, 41]. 

In most fire debris samples submitted for analysis, it is expected that multiple 
sources of different types of plastics will contribute to the background of thermal 
decomposition products present in the fire debris. The thermal decomposition 
products common to more than one type of plastic, as compiled by Levin, are 
summarized in Table 3.1. In addition, it should be noted that at the time of the 
review article from which the data in Table 3.1 was published, polyurethane was 
more commonly used in rigid foam heat-insulating material in the building industry, 
while the past few decades have seen a rise in the use of flexible polyurethane foams 
—often treated with fire retardant—in furniture cushions and mattresses, carpet 
underlay, and consumer spray foam used for sealing cracks. From a pyrolysis point 
of view, it does not matter if the polyurethane is in the form of a rigid board or a 
flexible cushion; the degradation products from a fire will remain the same with the 
most common compound produced being the cyclic oxygenate 1,4-dioxane [42]. 
Finally, some of the compounds listed in Table 3.1, such as methyl ethyl ketone 
(2-butanone) and tetrahydrofuran (oxolane), may have come from residual solvent 
used in the manufacturing process. While these compounds may be reported by the 
fire debris examiner, it must be acknowledged that these compounds are not nec- 
essarily foreign to the scene because they are common solvents used in adhesives. 

Absent from the list in Table 3.1 are the pyrolysis products from polypropylene, 
a common thermoplastic. The major product produced by polypropylene pyrolysis 
is 2,4-dimethyl-1-heptene, followed by a series of characteristic alkene doublets 
(Cy. and C,3) and triplets (C,5 and Cj¢) [43]. 


Degradation Pathways 


It is helpful to understand that the compounds produced from burning plastic follow 
certain discrete degradation pathways. In general, three main pathways or mecha- 
nisms, by which thermal degradation products are formed from polymers, have 
been identified [44]: 


e Monomer reversion; 
e Random chain scission; and 
e Side group scission. 


Some polymers will thermally degrade mainly via a single mechanism, while 
others will not favor any one particular mechanism and will degrade via more than 
one mechanism. For example, the pyrolysis of poly(a-methyl styrene) will undergo 
monomer reversion almost exclusively to yield approximately 95% monomer, 
whereas oxidative pyrolysis of polystyrene will only produce approximately 27% 
monomer with the remaining products being a mixture of aromatic compounds 
[45], presumably generated via side group scission [44]. The degree to which a 
polymer will undergo monomer reversion is related to the chemistry of the side 
groups. When none of the side groups are hydrogen atoms, monomer reversion 
tends to be very high [46]; that is, the polymer will “unzip” and revert almost 
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entirely back to the monomer constituents from which it was originally formed. If at 
least one of the side groups is a hydrogen atom—an o-hydrogen—then random 
chain scission and even side group scission are likely to play a more significant role. 
The reason for this is that the presence of an o-hydrogen allows decomposition via 
a free radical chain reaction. The reaction proceeds via the thermal breaking of a 
C-C bond in the polymer backbone to form either two long-chain free radicals via 
random chain scission, or one free radical chain and one monomeric free radical via 
end chain scission [47]. An o-hydrogen and the free radical can exchange positions 
within the same polymer chain (intramolecular transfer) or between chains (in- 
termolecular transfer), and scission at the new radical center may then result in 
further fragmentation of the polymer chain (see Fig. 3.4). When the o-hydrogens 
are replaced by a different functional group, such as a methyl or phenyl, random 
chain scission is less favored and monomer reversion will tend to dominate the 
thermal degradation reaction [46]. 

Thus, in the case of polyethylene [R;=R.=H], polypropylene [R,=H, R.=CHs3], 
and poly(methyl acrylate) [R;=H, R2=COOCHs], the presence of o-hydrogens is 
correlated with low monomer reversion and higher random chain scission, while the 
absence of o-hydrogens is correlated with higher monomer reversion and less 
random chain scission as seen in the thermal degradation of poly(methyl 
methacrylate) [R,;=CH3, R2=COOCH3] and poly(a-methylstyrene) [R,=CH3, 
R ,=C¢Hs]. There are exceptions, such as polystyrene [R,;=H, Ro=C,¢Hs], which has 
o-hydrogens but does not undergo as much chain scission as might be expected. In 
simple terms, the phenyl moiety in polystyrene may help to stabilize the free 
radical, thus making the free radical less reactive and allowing more monomer 
reversion and side group reactions to occur. 

Polyethylene is an important polymer to consider in terms of thermal degrada- 
tion and the resulting interfering compounds that may be present in fire debris. 
Polyethylene is a common thermoplastic used to manufacture many different types 
of materials, including containers such as plastic gasoline cans (jerrycans) that may 
be present at a fire scene. Polyethylene will undergo random chain scission almost 
exclusively during pyrolysis to generate a homologous series of triplets typically 
over the carbon range Cg—C9 and higher. Each triplet is comprised of the diene, 
alkene, and alkane having the same number of carbon atoms, with the alkene being 
the dominant product in each triplet [48, 49] (see Fig. 3.5). 

Pathways based on scission of the C-—C bond, with concomitant hydrogen 
abstraction and radical formation, have been proposed to explain the production of 
short-chain alkene and alkane products, but a secondary dehydrogenation pathway 
to produce the diene remains elusive [50]. The ratios of saturated to unsaturated 
hydrocarbon within each triplet will vary with pyrolysis temperature [48-50]. The 
homologous series of short-chain hydrocarbons produced by the pyrolysis of 
polyethylene can not only mimic a petroleum distillate but, when in high con- 
centration, can easily mask the peaks from an ignitable liquid in a chromatogram. 
Recognition of the diagnostic triplet pattern produced by thermal degradation of 
polyethylene will prevent misidentification of these degradation products as a 
petroleum distillate. The use of extracted ion profiles will assist in confirming the 
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Pathway 1: C—C chain scission with intramolecular hydrogen abstraction 
{e.g. R, = H; R, = H, CH,, or COOCH,] 
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Pathway 2: C—C chain scission with intermolecular hydrogen abstraction 
[e.g. R, = H; R, = H, CH,, or COOCH,] 
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Fig. 3.4 Proposed reaction pathways for polymer random chain scission 
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Fig. 3.5 GC-MS total ion chromatogram (TIC) of thermal degradation products from a 
polyethylene shopping bag burned with an open flame in the author’s laboratory 


presence of an underlying ignitable liquid if the total ion chromatogram is domi- 
nated (masked) by the degradation products of polyethylene [51]. 

Side group scission occurs when the molecular bonds between substituents and 
the polymer chain are weaker than the bonds in the polymer backbone resulting in 
all or part of the group attached to the polymer backbone preferentially splitting off 
[52, 53]. Side group scission is common during pyrolysis and may take place before 
random scission of the chain [47]. The pyrolysis mechanism of poly(vinyl] chloride) 
(PVC) provides a good example of side group scission which results in the elim- 
ination of hydrochloric acid (HCI) and the formation of a conjugated polymer 
backbone (a polyene). Chain scission of the polyene will produce conjugated 
fragments of varying lengths which may then undergo intramolecular cyclization to 
produce benzene as well as other aromatic compounds such as toluene, styrene, 
biphenyl, indene, naphthalene, and 1-methylnaphthalene [54-57]. Montaudo and 
Puglisi have proposed two separate pathways, one involving intramolecular 
cyclization to form unsubstituted aromatics and another involving intermolecular 
cross-linking followed by cyclization to form alkyl-substituted aromatics [57] (see 
Fig. 3.6). 

Moldoveanu gives a more comprehensive list of the alkylaromatic compounds, 
including ethylbenzene and the xylenes, formed during the pyrolysis of PVC in an 
inert atmosphere [47]. While some of these alkylaromatic compounds will be the 
same as those present in several classes of ignitable liquids (e.g., gasoline), their 
mere presence in the absence of an ignitable liquid should not lead to the conclusion 
that an ignitable liquid is present. The identification of an ignitable liquid is based 
on the observation of extracted ion profiles (EIPs) which, when compared to EIPs 
of known ignitable liquids, must have the expected compounds in the correct 
relative ratios. Occasionally, the presence of high concentrations of alkylaromatic 
compounds from thermal degradation will distort the diagnostic pattern for an 
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Fig. 3.6 Proposed reaction pathways for poly(vinyl chloride) side group scission (adapted from 
[57]) 


ignitable liquid so much that an identification of an underlying ignitable liquid 
cannot be made. 


Carpet 


The volatiles generated when carpet burns in a fire are a special case of burning 
plastics and have received additional attention in the scientific literature. Carpet and 
rugs are used extensively in residences, offices, and motor vehicles, and have been 
reported to be the most commonly encountered material submitted by fire 
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investigators [58-60]. Carpet, and other flooring materials, are often collected from 
fire scenes because it is often more protected from the heat of the fire by virtue of it 
being the lowest part of the room, as well as being protected by furniture and 
materials dropping down from the burning ceiling. The potential of volatiles from 
carpet to interfere with the identification of an ignitable liquid was first assessed by 
Howard and McKague [61], who identified the hydrocarbons benzene, toluene, and 
styrene in charred carpet. Their findings were corroborated by a later study that 
compared the volatiles from burned and unburned samples of carpet [5]. In another 
study, Bertsch noted the presence of ethylbenzene, xylene isomers, styrene, 
naphthalene, and methylnaphthalenes arising from the combustion of carpet [62]. In 
addition to these compounds, Keto noted the presence of many compounds com- 
mon to gasoline in a carpet pyrolysate, including indane, methylindanes, and var- 
ious branched cyclohexanes [63]; however, the relative ratios of these compounds 
were found to be inconsistent with gasoline. New, unused motor vehicle mats were 
tested for background volatiles and the most common compounds found in these 
mats were all three xylene isomers and limonene (dipentene) [64]. In the study of 
motor vehicle mats, the authors suggested that limonene likely came from a solution 
used to clean the carpet. 


3.2.3 Human Combustion Products 


Inevitably, some fires will involve a body, the burning of which may contribute to 
the background of interfering products present in samples collected from the scene. 
In some cases, the presence of the body is accidental; the person died uninten- 
tionally and was a victim of an accidental fire. In other cases, the fire was set in an 
attempt to kill the occupants of a residence or to conceal a crime such as homicide 
[65-67]. Two recent studies from Australia have concluded that arson-associated 
homicides are on the rise, and one of the key reasons behind this increase is the 
ability of fire to destroy DNA, fingerprints, and other evidence, thus hampering 
homicide investigations [68, 69]. 

In situations where fire is used to conceal a homicide, it is not uncommon for an 
ignitable liquid to be poured over the body and a fire set. Thus, materials collected 
from a fire scene involving a body may include samples of clothing or hair from the 
deceased, or samples from underneath the body (carpet/underlay, bedding/mattress, 
or, if the body was burned outside, soil) where the ignitable liquid may have been 
wicked, and had not been burned off. The combustion of body tissue is often limited 
to the near-surface which is predominantly subcutaneous fat [70]. Pyrolysis prod- 
ucts from the burning of a body may condense on materials near to or in contact 
with the body, and will thus be part of the volatile matrix of any samples collected 
for analysis. The main pyrolysis products from fat are a homologous series of 
n-alkanes (Co—C,3), n-alkenes (C7—-C,3), and n-aldehydes (Cs—Cj9), plus some 
dienes (Cyo-Cj2) [71]. While no significant differences were observed in the 
products generated from the fat of different species (human, pig, chicken) [71], it 
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has been observed that the presence of a homologous series of n-aldehydes (Cs—Coy) 
is a good indicator of the presence of burned human or animal remains [72]. 
However, it should be noted that the pyrolysis products observed are dependent on 
temperature, and very high temperatures (i.e., >700 °C) will cause additional 
cracking and oxidation of the initial pyrolysis products which will result in fewer 
straight-chain aldehydes [71]. 


3.3. Interference from Unburned Materials at the Fire 
Scene 


Samples of burned substrates are not the only materials that may be collected from a 
fire scene to determine if an ignitable liquid may be present. Unburned materials 
may also be submitted for analysis for a variety of reasons, including failure of the 
ignitable liquid poured by the arsonist to ignite. In situations such as these, the 
arsonist may have poured an ignitable liquid in multiple locations throughout a 
structure, but only ignited the pour closest to the exit; the resulting fire may not 
transmit to the remaining unburned pours which, when discovered by the investi- 
gator, will be submitted for analysis. Alternatively, a fire may cause collapse of a 
ceiling or furniture, which can fall down onto unburned or partially burned areas. 
The collapse effectively protects these areas from the fire and prevents the burning 
off of ignitable liquids present in that area as well. 


3.3.1 Household and Building Materials 


The use of a large number of synthetic materials in residential and commercial 
buildings has spawned an interest by scientists to measure the volatile organic 
compounds emitted by those materials and has led to the development of a material 
emission database for materials common to North America [73]. For example, the 
material emission database lists the four or five most abundant volatile organic 
compounds released by several unburned carpets, and the results are reproduced in 
Table 3.2. Fernandes et al. reported traces of carbon disulfide, ethyl acetate, ben- 
zene, and toluene in an unburned doormat from Hong Kong [5]. They suggested 
that the small amount of carbon disulfide detected came from the rubber padding on 
the back of the carpet. 

In the case of other materials encountered at a fire scene, residual solvents (i.e., 
ignitable liquids) may be present as part of the manufacturing process and subse- 
quently detected during routine fire debris analysis. For example, residual solvent 
used in the manufacture of vinyl sheet flooring has been reported [74]. In this study, 
some samples of vinyl flooring were found to contain either an isoparaffinic (i.e., 
Isopar H®) or a normal alkane (i.e., Norpar®) product. 
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Table 3.2. Volatile organic compounds (VOCs) emitted by residential and commercial carpet [73] 


Residential Commercial 
Sample VOC Sample VOC 
Nylon carpet, latex Heptane Olefin carpet, 2,2,4-Trimethylpentane 


backing p-Xylene latex backing Dodecane 
Undecane Tridecane 
4-Phenylcyclohexane 4-Phenylcyclohexane 
Cyclodecane Cyclodecane 
Nylon carpet, latex Styrene Polypropylene 2,2,4-Trimethylpentane 
backing Dodecane carpet, Styrene 
4-Phenylcyclohexane latex backing Tridecane 
Cyclodecane 4-Phenylcyclohexane 
Nylon carpet, latex Styrene Nylon carpet, 2,2,4-Trimethylpentane 
backing Dodecane backing not Styrene 
Tridecane specified Undecane 
4-Phenylcyclohexane Tridecane 


Tetradecane 


4-Phenylcyclohexane 


Aftermarket products applied by consumers may also result in residual solvent 
being present at a fire scene. As an example, the application of an exterior water- 
proofing product, or “sealer,” to concrete or wood will result in detectable amounts 
of carrier solvent—in this case a medium petroleum distillate—for nearly one 
month after application [75]. Solvents used in coatings designed for interior 
application, such as wood floor stain or polyurethane sealer, may persist for much 
longer periods of time. Lentini made separate applications of wood stain, wood 
stain topped with polyurethane wood floor sealer, and a drying oil to unfinished 
pine and oak floorboards, and tested them for residual solvent over a period of 
24 months [76]. This study showed that all floorboards contained residual solvent 
two years after application of the finishing product. Note that the exterior sealers 
were exposed to direct sunlight throughout the study, which may account for the 
more rapid loss of solvent compared with the interior coatings. 

The presence of various volatile organic compounds (VOCs) has been reported 
in not only unburned building materials [73], but also those arising from unburned 
household products such as newspapers and plastic utensils [77], and even toys 
[78]. Some of the volatile organic compounds present in the indoor environment are 
the products of microbial metabolism (mold and fungi), the most common of which 
are alcohols (e.g., isomers of methylbutanol and octenol), furans (e.g., 
3-methylfuran), and ketones (e.g., 2-hexanone) [79]. Many of the materials reported 
in the literature typically do not contain a series of compounds that, under careful 
scrutiny, would be mistaken for an ignitable liquid. However, as shown in the 
above examples such as vinyl] sheet flooring, there are materials that are known to 
contain solvents that will be accurately identified as an ignitable liquid [80]. Other 
materials that are known to contain an ignitable liquid include paper products such 
as cardboard, adhesives used on paper products or in construction (e.g., “liquid 
nails” used to hold sheets of drywall to wood studs), flooring [80], and pieces of 
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asphalt shingle [81]. Other common household products, such as some insecticides, 
containers of enamel paint or varnish, and correction fluids, contain solvent that 
may become involved in the fire and therefore be present in the fire debris that is 
collected. 

It is important that the forensic scientist knows which materials may contain 
residual solvent and understands that, under a given set of circumstances, an 
ignitable liquid may not be foreign to the fire scene. Note that ignitable liquids 
identified in a sample of fire debris are not called “accelerants” because the 
examiner has no way of knowing if the ignitable liquid is indigenous or foreign to 
the scene. As mentioned earlier, the mere presence of an ignitable liquid in fire 
debris does not mean an ignitable liquid was brought to the scene by an arsonist to 
accelerate the fire. The fire investigator will take into account many other factors at 
a fire scene, including other possible ignition sources and where the fire started, 
before deciding if an arson occurred. For example, finding gasoline in the debris 
from a garage fire where a gasoline-powered lawn mower was stored may mean that 
arson was not the cause of the fire; however, finding gasoline on the charred 
remains of a bed where a murder victim lay may be indicative of arson. 


3.3.2 Interference from Clothing 


Clothing may be used to start a fire, with or without the addition of an ignitable 
liquid, or clothing may be seized from an individual suspected of starting a fire with 
an ignitable liquid. A recent study found that when two liters of gasoline were 
poured onto a floor, a significant amount of gasoline was recovered from the 
footwear and clothing of the person involved in the activity [82]. For this reason, 
investigators may seize clothing from a suspect to be analyzed for ignitable liquids. 
In either situation, it is important for the forensic scientist to know what naturally 
occurring compounds are common to clothing and are to be expected in the 
background. 


Residual Solvents in Footwear and Clothing 


While not necessarily collected from a fire scene, clothing from a fire or from a 
suspected arsonist is a special case where volatiles may be present on materials 
associated with the scene. Clothing may contain residual solvents from the man- 
ufacturing process. T-shirts which have a vinyl decal applied to their surface may 
contain a residual amount of solvent such as toluene [80]. Studies on clothing have 
also found that some cotton garments (e.g., pajamas and denim fabrics) and syn- 
thetic garments (e.g., spandex shorts) may contain traces of petroleum distillates 
[80]. Shoes are particularly problematic for investigators, as volatile solvents are 
used during the construction of shoes. The adhesives used to bond footwear uppers 
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to their soles are known to contain volatile solvents such as toluene [83], and other 
solvents such as methyl ethyl ketone, 3-methylpentane, and 2-methylpentane have 
been reported in some shoe factory glues [84]. Other compounds such as acetone, 
heptane, and n-hexane [85] have also been identified as common solvents related to 
gluing activities in footwear manufacturing. The molded synthetic material used in 
footwear construction, primarily poly(vinyl chloride) and polyurethane [85], may 
also contain a variety of aromatic hydrocarbons and petroleum distillates [86]. 


Human Skin Volatiles 


Volatile compounds may be excreted through the skin of the wearer and absorbed 
by the clothing fabric, or microbial action occurring on the individual’s skin may 
generate volatile compounds that are then absorbed and retained by the clothing. 

Acetone is a compound that is known to be excreted through the skin, and is 
often associated with physical activity. For example, an individual apprehended by 
a peace officer may have fled the scene or have perspired as a result of a physiologic 
response to the circumstances surrounding the setting of the fire. In these situations, 
it is common to detect elevated levels of acetone in the individual’s clothing [87]. 
While a diverse range of ketones, aldehydes, carboxylic acids, alcohols, and even 
alkanes may be either excreted through the skin or produced by microbial flora 
living on the skin (e.g., in the axillary region), the four compounds most commonly 
reported in the scientific literature are the two aldehydes decanal and nonanal, and 
the two ketones 6-methyl-5-hepten-2-one and (E)-6,10-dimethy]-5,9-undecadien- 
2-one (geranylacetone) [88]. The 20 compounds most frequently isolated from 
human skin are listed in Table 3.3, with six of the top ten being aldehydes. 

A study of volatiles from human hands demonstrated that different textiles 
preferentially absorb different volatiles [89]. Thus, while cellulosic fabrics such as 
cotton and rayon absorbed a wide range of compounds having different functional 
groups, polyester textiles tended to isolate acidic volatile compounds not normally 
seen on other types of fabrics. Clothing seized from a suspect may contain more 
than just the by-products of normal human sweat. It has been known for decades 


Table 3.3. Twenty compounds most frequently isolated from human skin [88] 


Compound Compound 

1 Decanal Hexadecane 

2 Nonanal Methyl hexanoate 

3 6-Methy]-5-hepten-2-one Pentadecane 

4 Geranylacetone Undecane 

5 (E)-2-Nonenal (E)-3-Methyl-2-hexenoic acid 
6 Undecanal (+)-limonene 

vi Hexanal Methyl dodecanoate 

8 Octanal Indole 

9 Acetic acid Methyl hexadecanoate 
10 Benzyl alcohol Propanoic acid 
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that a measurable amount of ingested alcohol is excreted through human skin [90] 
and so it is possible to detect ethanol absorbed by clothing worn by a suspect who 
had recently ingested alcohol. Thus, the presence of alcohol on a suspect’s clothing 
does not necessarily mean that the suspect used alcohol to accelerate the fire. 

On a related note, background volatiles excreted from human skin are also 
expected to be present on samples taken from the hands of a suspect. The testing of 
a person’s hands will commonly yield the following six background volatiles: 
2-furancarboxaldehyde, 2-furanmethanol, phenol, nonanal, decanal, and dimethyl 
hexanedioate [88]. Foreign volatiles may also be isolated from human skin; for 
example, it is also possible to find gasoline—or any other ignitable liquid poured at 
the scene—on the hands of a suspect [91]. 


3.3.3. Interference from Decomposing Human Remains 


As previously discussed in Sect. 3.2.3, a burned body will contribute interfering 
compounds; the continuing decomposition of a human body can also contribute 
interfering products. Remote fire scenes involving an unburned or partially burned 
body, such as a secluded residence where the fire remained undetected for a sig- 
nificant length of time, or the body of a murder victim that was dumped in a remote 
area and partially burned, may contribute volatile compounds to the fire debris 
sample. The volatiles produced from the decomposition of unburned human tissue 
have been the subject of several studies related to the detection of buried human 
remains in homicide investigations and the recovery of victims of mass disaster. 
Intestinal microbiota and communities of microorganisms in the outer environment 
are responsible for the decomposition of human remains. The microorganisms in 
the outer envirfonment will differ depending on the geographic location, and the 
volatiles produced will vary somewhat with the specific habitat (e.g., forest, cul- 
tivated field, and urban) [92]. A number of compounds evolved during decompo- 
sition are commonly observed regardless of the location of the body; these are listed 
in Table 3.4. It is important to note that none of these peaks would generally be 
identified as an ignitable liquid. 

When isolated from the local external environment, the early stages of human 
decomposition will give rise to the following eleven compounds over a 24-h period: 
oxygenates (ethanol, 2-propanone, and 2-butanone), dialkyl polysulfides (dimethy] 
disulfide, methyl ethyl disulfide, and dimethyl trisulfide), and hydrocarbons 
(toluene, octane, o-xylene, m-xylene, and p-xylene) [93]. While some of these 
individual compounds may also be present in certain solvents (e.g., ethanol or 
2-propanone), the examiner should acknowledge other possible sources in the 
report. Other compounds, such as the aromatic hydrocarbons, will not be present in 
the same ratios found in certain ignitable liquids and so should not be identified as 
an ignitable liquid. 
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Table 3.4 Common decomposition products observed from different locations: forest, cultivated 


field, and urban [92] 


Acids 


Nitrogen compounds 


Propanoic acid Acetamide 
Butanoic acid N-Methylacetamide 
2-Methylpropanoic acid N,N-Dimethylformamide 


2-Methylbutanoic acid 


N,N-Dimethylacetamide 


3-Methylbutanoic acid 


N,N—Dimethylnitrous amide 


Pentanoic acid 


Trimethylamine 


Hexanoic acid 


Sulfur compounds 


Esters 


Methanethiol 


Butyl formate 


Methyldisulfanylmethane 


Butyl butanoate 


Methylsulfanyldisulfanylmethane 


Butyl 3-methylbutanoate 


Cyclic hydrocarbons 


2-Methylester, propanoic acid 


Cyclohexylcyclohexane 


Ketones 


Phenol 


2-Pentanone 


4-Methylphenol 


Aldehydes Piperidin-2-one 
Butanal Quinazoline 

Alcohols Non-cyclic hydrocarbons 
2-Methyl-1-propan-1-ol Eicosane 
1-Butanol 2-Methylprop-1-ene 


(2S)-Butanol 
3-Methylbutan-1-ol 


1-Pentanol 


3.4 Interference from Fire Suppression and Fire 
Investigation 


3.4.1 Fire Suppression Foams 


Fire suppression activities and the subsequent investigation of the origin and cause 
of the fire after it is extinguished may impart interfering compounds into the fire 
debris sample sent to the laboratory for analysis. Fires are generally classified as 
either Class A or Class B. Class A fires involve a structure or wildland fire, and a 
Class B fire is a flammable liquid spill or a tank fire. Due to the high surface tension 
of water, much of what is applied to a Class A fire will run off the surface onto 
which it is sprayed, reducing its effectiveness [94]. To combat this phenomenon, a 
fire suppression foam may be used. In general, a Class A fire suppression foam 
contains a surfactant and a foaming agent, which are mixed with water at the fire 
scene. The surfactant will decrease the surface tension of the water, which will 
allow the water to better flow over and penetrate the material that is burning instead 
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of ricocheting off, which will also more effectively cool the fire. The foaming agent 
will form an air-excluding barrier, which will smother the fire. A Class B fire 
suppression foam is formulated to produce a thin foam layer when sprayed on the 
surface of a flammable liquid. This foam layer will reduce heat transfer from the fire 
to the surface of the fuel, thus reducing the conversion of the liquid fuel to the vapor 
phase and thereby starving the fire of additional fuel [95]. 

The use of Class A fire suppression foams on a structure fire may leave a residue 
of surfactant and/or foaming agent on the fire debris. In one study, five Class A fire 
suppression foams were sampled by heated headspace extraction and analyzed by 
gas chromatography using flame ionization detection [96]. While peaks in the Cg— 
C16 range were detected in some of the foams, the authors concluded that none of 
the patterns could be mistaken for a petroleum distillate. Another study of Class A 
foams concluded that while limonene, a component of the foam, was present in all 
tests, the foam contributed no significant interference that would hamper interpre- 
tation of the analytical results [97]. Pyrolysis of sodium dodecylbenzenesulfonate, a 
surfactant that may be present in some fire suppression foams, has been shown to 
produce a series of C,,- through C,3-alkylbenzene compounds (e.g., (1-butylheptyl) 
benzene, (1-pentylheptyl) benzene, and (1-ethyldecyl) benzene) [98]. Other aro- 
matic compounds, such as toluene, ethylbenzene, the xylenes, propylbenzene, 
1-ethyl-2-methylbenzene, indane, naphthalene, 1-methylnaphthalene, and 
2-methylnaphthalene, were also formed during the pyrolysis of this surfactant, 
demonstrating that, depending on the formulation, the use of fire suppression foam 
may give rise to interfering compounds in a sample of fire debris. These compounds 
will not occur in a pattern that would be confused with those observed in ignitable 
liquids that contain these compounds. 


3.4.2 Collection Materials 


Fire investigators are most likely to use disposable gloves to collect samples at a fire 
scene [99], and some may place their gloves in the container with the fire debris. 
The practice of including the gloves with the sample is meant to demonstrate that a 
new pair of gloves was used to collect each sample, ostensibly, to prevent sec- 
ondary transfer of volatiles via the gloves from one sample to the next; however, no 
studies have been conducted to demonstrate that this may even be possible. The 
addition of a pair of disposable gloves to a sample of fire debris may be a source of 
interfering compounds arising either from the manufacturing processes used to 
make the gloves (including mold release agents) and/or from contamination of the 
gloves during storage and transport to the scene. A variety of different types of 
gloves, including fabric, leather, and two types of disposable gloves—latex and 
nitrile—were tested for background volatiles [100]. Some types of disposable 
gloves were found to have a high background of interfering compounds. For 
example, cycloalkanes in the range of Cj9 to Cj were detected in one type of nitrile 
glove [100]. If the fire investigator wishes to submit the gloves used for collecting a 
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sample, then the gloves should be packaged separately from the fire debris and 
submitted as an additional sample. 

Investigators commonly use cellulose-based absorbent materials such as “cot- 
ton” balls, cotton gauze, and tampons to collect liquids at a fire scene when a vial is 
unavailable or when the liquid is not easily collected, such as a sheen on the surface 
of a puddle. The absorbed liquid is then sent to the forensic laboratory for testing to 
determine whether or not an ignitable liquid is present. Even though many of the 
above absorbents are sterile (i.e., free of pathogens), this is not the same as being 
free of volatile compounds, and experience has shown that these absorbents often 
contain interfering volatile compounds to varying degrees. To date, a comprehen- 
sive study of the background volatiles emitted by these different materials has not 
been conducted. Nevertheless, when an investigator submits a sample collected on 
an absorbent, it is a good practice for the forensic laboratory to request that a sample 
of new, unused absorbent—packaged in the same manner as the absorbed sample— 
be submitted separately so that it may be tested for the presence of interfering 
compounds. In addition to cellulose-based absorbents, a variety of materials have 
been tested for their efficacy in absorbing ignitable liquids from concrete floors 
[101]. Unscented, non-clumping cat litter was found to be an effective absorptive 
media that will give rise to a negligible background [101]. 


3.5 Simulating Background Interference Compounds 
in the Laboratory 


When interpreting chromatographic data obtained from fire debris, it is important 
that examiners take into account the substrates present when interpreting the data. 
There are numerous resources available that discuss the different interfering prod- 
ucts, including an online database of burned and unburned substrates (see National 
Centre for Forensic Science Substrate Database [http://ilrc.ucf.edu/substrate/]). It is 
also important for forensic examiners to create comparison samples of pyrolysis 
products to use in the interpretation of chromatographic data obtained from fire 
debris. By generating pyrolysis data from many different substrates, a database or 
library cataloguing common pyrolysis compounds and their elution patterns may be 
created. The pyrolysis information will be invaluable for clearly identifying which 
compounds extracted from a sample of fire debris originated from the substrate and 
which came from an ignitable liquid. Over the years, various studies have attempted 
to simulate the production of these interfering products [61, 102]. For example, 
DeHaan and Bonarius burned samples of carpet and other floor coverings in a 
simulated structure fire and recovered the volatiles that came from the different 
substrates [7]. They found that carpet and carpet pad (underlay) produced a com- 
plex mixture of volatiles in the “middle petroleum distillate” range (Cg—C,3), but 
concluded that the products could be distinguished from common ignitable liquids 
such as gasoline. Other researchers have simulated the thermal decomposition of 
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Fig. 3.7 Simulated chromatogram showing compounds generated from the pyrolysis of kraft 
paper and spruce softwood (cellulose and lignin) which mask the gasoline profile. The presence of 
gasoline is shown in the extracted aromatic ion profile. Pyrolysis products were generated by 
heating for 20 min at 360 °C using a tube furnace [104]. Compound assignments are found in 
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various building materials by heating them with an open flame in clean, unused 
metal cans [62, 103], or by simply burning the material with a Bunsen burner and, 
once cooled, sealing the charred debris in a nylon bag [5]. A significant drawback to 
heating substrates with an open flame is that the conditions cannot be reproduced 
from one experiment to another because it is not possible to measure the exact 
temperature reached and the time the material is exposed to that temperature. More 
recently, an electric tube furnace was employed to reproducibly simulate the 
interfering compounds produced during a fire [104]. 

Figure 3.7 shows an example of a typical GC-MS total ion chromatogram 
(TIC) of the pyrolysis products from kraft paper (cellulose) and spruce (cellulose 
and lignin) heated at 360 °C for 20 min in a tube furnace [104]. This sample was 
then spiked with a small amount of 75% evaporated gasoline prior to GC-MS 
analysis. Visual inspection of the TIC shows that there is no discernable pattern of 
an ignitable liquid in the chromatogram; yet when extracting ion profiles of key 
compounds associated with ignitable liquids, such as the aromatics, the pattern for 
gasoline becomes clear (Table 3.5). 


Table 3.5 Compounds identified in Fig. 3.7. Identification of pyrolysis compounds based on MS 
library search, and gasoline compound identifications based on published data* 


Pyrolysis products + gasoline TIC 


1 Propan-2-one 10 1-Ethyl-3-methylbenzene 

2 Furan 11 1,2,4-Trimethylbenzene 

3 2-Methylfuran 12 2-Methoxyphenol 

4 Toluene 13 2-Methoxy-4-methylphenol 

5 Furfural 14 4-Ethyl-2-methoxyphenol 

6 Ethylbenzene 15 2-Methoxy-4-(2-propenyl)phenol 

7 o-Xylene 16 2-Methoxy-4-propylphenol 

8 p- + m-xylene 17 2-Methoxy-4-(1-propeny]l)phenol 

9 5-Methylfurfural 

Pyrolysis products + gasoline: aromatic EIP (m/z* 91, 92, 105, 106, 119, 120, 134) 
Toluene i 1-Methy]-2-ethylbenzene 

b Ethylbenzene j 1,2,4-Trimethylbenzene 

c o-Xylene k 1,2,3-Trimethyl benzene 

d p- + m-xylene 1 1,3-Diethylbenzene 

e Propylbenzene m 1,4-Diethylbenzene 

f 1-Methy]-3-ethylbenzene n 1,3-Dimethy]-2-ethylbenzene 

g 1-Methy]-4-ethylbenzene te) 1,2,4,5-Tetramethylbenzene 

h 1,3,5-Trimethylbenzene p 1,2,3,5-Tetramethylbenzene 


“Johansen et al. [106] 
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3.6 Questions 


. Name the three different mechanisms by which background or potentially 


interfering compounds in fire debris samples may arise. Briefly describe each. 
Name the three main pathways, or mechanisms, by which pyrolysis products are 
formed from polymers. 

Using polyethylene as an example, describe why it is important to know what 
compounds are formed when polyethylene is burned in a fire. 

What tissue in the human body is most likely to be consumed during a fire? 
Name the compound classes of the interfering products normally produced from 
the burning of a body. 

Why is it important to be aware of the types of volatile and semi-volatile 
compounds present in unburned substrates (building materials, furniture, 
clothing, etc)? 

Give two examples of unburned materials that may contain residual solvent that 
is not foreign to the material. 
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Chapter 4 ® 
Vegetable Oil, Biodiesel and Ethanol © 
Alternative Fuels 


Douglas Byron 


Learning Objectives 


e Understand the basic concept of fatty acids: where they come from and how they 
are refined and manufactured for consumer use. 
Introduce the types of products that contain vegetable oils and alternative fuels. 
Provide a basic understanding of analysis and reporting for vegetable-based 
products. 


4.1 The Importance of Looking Beyond 


Most fire debris examiners are trained to extract and identify traditional 
petroleum-based liquids from debris for criminal and civil litigation purposes. New 
technologies and the push for more environmentally friendly alternatives have 
changed the nature of the fuels which examiners can expect to see in their evidence. 
The tendency for some vegetable-based oils to spontaneously ignite further 
broadens the range of liquids that may be encountered by fire debris examiners. 
Arise in the use of vegetable-based oils and alternative fuels in recent years has 
forced the field of fire debris analysis to look beyond what it classically considered 
ignitable liquids. Understanding the basis of these fuels, how they are manufac- 
tured, and the effects of fire and environmental conditions on each type of liquid 
become paramount. 
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4.2 Vegetable Oils (VOs) and Vegetable Oil Residues 
(VORs) 


Vegetable oils (VOs) are oils that are typically derived from plants and can range 
from cooking oils, such as sesame and olive oils, to drying oils, such as linseed and 
tung oils [1]. When found on debris samples, they are referred to as vegetable oil 
residues (VORs). VOs are not the typical liquids that come to mind in the dis- 
cussion of fire debris analysis. They are not as easily ignited as the petroleum-based 
ignitable liquids, nor are they generally used to intentionally start a fire. This may 
be, in part, why many criminal laboratories do not routinely screen samples for VOs 
[2]. The screening for VOs, however, can be useful for investigators trying to 
determine the cause of a fire, as it may corroborate claims of a cooking fire, 
spontaneous ignition, or support details provided during witness statements or 
confessions when they are involved in criminal cases. 


4.2.1 Vegetable Oil Compositions 


Fatty acids (FAs) are naturally occurring aliphatic chains, usually containing ten or 
more carbon atoms, with a carboxylic acid at one terminus [2]. When found alone, 
they are referred to as free fatty acids (FFAs). Three FFAs can be esterified with a 
glycerin molecule, as shown in Fig. 4.1. In this form, they are called triglycerides, 
triacylglycerides (TAGs), or more commonly fats or oils [3]. FAs can be saturated, 
monounsaturated, or polyunsaturated. Unsaturation refers to the presence of double 
bonds; for example, monounsaturated FAs have one double bond. Polyunsaturated 
FAs (PUFAs) have two or more in their carbon chain. When FAs contain more than 
one double bond, the double bonds are normally separated by a methylene group 
(-CHz2.) [2, 4]. 

Saturated FAs are relatively linear in nature and can stack to form a crystalline 
structure [2]. As a result, they are typically solid at room temperature. The double 
bond in unsaturated FAs, particularly the cis-isomers, forms a bend in the carbon 
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Fig. 4.1 Left: chemical structure of a triglyceride (TAG). Right: chemical structure of a free fatty 
acid (FFA) [3] 
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chain [5]. This prevents the molecules from being able to stack on each other, 
causing them to be liquid at room temperature. 

Most literature uses a shorthand nomenclature for FAs to indicate the length of 
the carbon chain and the number of double bonds. For example, oleic acid, shown 
in Fig. 4.2, has an 18-carbon chain with one double bond and is written as C18:1 
(n-9) [3, 5, 6]. The “C” represents the number of carbons in the FA including the 
carboxylic group, the number after the colon is the number of double-bonded 
carbons present, and the number in parenthetical is the number of carbon atoms 
from (and including) the terminal methyl group where the first double bond is 
located. Typically, this shorthand is shortened even further to C18:1. As another 
example, the FA in Fig. 4.1, known as palmitoleic acid, would be written as C16:1 
in the abbreviated shorthand. 


4.2.2 Vegetable Oils 


Regardless of their origin, all TAGs derived from biological sources, animal or 
vegetable, are considered vegetable oils for the purpose of fire debris analysis. 
Naturally occurring FAs tend to have double bonds in the cis-position, and their oils 
and fats can contain ten to fifteen different FAs in various amounts [4]. Animal 
products tend to contain saturated FAs and are found in solid forms, such as lard. 
The exception is some fish oils which, while saturated, are a liquid at room tem- 
perature [2]. Cooking oils are refined from plant-based sources such as corn, 


Fig. 4.2, Examples of fatty acid confirmations. Top: trans-C18:1(n-9), elaidic acid. Bottom: 
cis-18:1(n-9), oleic acid. To conserve space, the cis-conformation is typically drawn flat [3] 
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soybean, and olive plants. Typically, vegetable oils used for cooking are composed 
of FAs of a lower degree of unsaturation and are not prone to self-heating. 
However, when vegetable oils with a lower tendency to self-heat are subjected to a 
heat source, such as a cloth dryer, the reaction can begin and lead to spontaneous 
ignition [2, 7]. 


4.2.3 Drying Oils 


Unsaturated oils such as tung, boiled linseed, and dehydrated castor oils are used as 
drying oils. They can undergo oxidative polymerization to form hard films, which 
makes them valuable additives for surface oils, stains, and printing inks [8]. The 
tendency for these oils to spontaneously ignite has been well documented in history. 
Some of the earlier research started when the Russian frigate Marie caught fire in 
1781. Believing it to have been caused by storing hammocks soaked with stain 
(hempseed oil and pine soot), Count Ivan Tschernichev, Vice President of the St. 
Petersburg Admiralty College, commissioned a study to determine the self-heating 
properties of oil-soaked materials. By the 1940s, the methods for understanding the 
reaction when dealing with non-uniform temperatures within the material were 
uncovered by Russian researcher David Frank-Kamenetskii [9]. While known to 
happen (Fig. 4.3), the mechanism behind it has only been recently uncovered. 

Linseed oil is a common drying oil that is known to have a high propensity for 
self-heating. Modern “boiled” linseed oil has added catalysts, which can include 
lead-containing compounds, to increase the rate of autoxidation of the FAs, thus 
increasing the rate of polymerization and the likelihood of spontaneous combustion 
[10]. 

Certain formulations of drying oils contain more than TAGs and catalysts. Some 
products, such as wood stains and drying oil (as in Fig. 4.3), also contain traditional 
ignitable liquids. These formulations can also spontaneously ignite under the cor- 
rect conditions. Because these formulations contain ignitable liquids to dilute the 
oils, they provide additional information that can be used for characterization 
during the analysis. While brand identification may not be possible, characteristics 
of these formulations can provide additional information that can be used to narrow 
possible sources. 


4.2.4 Spontaneous Ignition 


Unlike autoignition, where radiant heat causes neighboring materials to ignite, 
spontaneous ignition is a biological or chemical process where materials ignite in 
the absence of an external heat source because of self-heating [2]. Linseed oil on 
wadded up cotton rags, oily rags that have been laundered, and recently varnished 
floors that are subsequently sanded are examples where this type of ignition has 
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DANGER: Rags, steel wool, or other waste soaked with this 
product may spontaneously catch fire if improperly discarded. 
Immediately after use, place rags, steel wool or waste in a sealed, 
water-filled, metal container. Dispose of in accordance with local 
fire regulations. 


Fig. 4.3. Examples of drying oils found in a local hardware store. Top left: image of the stains and 
other products containing drying oils. Top right: ingredient list on the label of a stain. Bottom: 
spontaneous combustion warning on a product 


occurred. Fish oils and fish meal also have a high tendency to self-heat [3]. 
Table 4.1 lists examples of oils with different propensities for spontaneous ignition 
[11]. These fires rarely have witnesses, produce copious amounts of smoke and 
odors, and can take several hours to ignite (up to 80 h) [12]. The acrid odors and 
discoloration of materials associated with spontaneous ignition fires are a result of 
the same chemical reaction that caramelizes food, called the Maillard reaction. 
The FAs react with the matrix to produce the charring and chemicals with these 
distinctive odors [13]. 

The tendency for self-heating is directly related to the unsaturation level [1, 2, 
10]. Double bonds present in FAs reduce the C—H bond strength on neighboring 
carbon atoms. As a result, less energy is required to oxidize this bond and remove 
the hydrogen [6, 10]. This oxidation process releases heat that, if not dissipated, 
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Table 4.1 Different oils and their self-heating tendencies [11] 


»w to Moderate 
Moderate 
Moderate 
Periila OF Moderate to High 


Cod Liver Oil High 


Tung Oi! High 


Linseed Oil High 


can cause further oxidation of the FA and potentially spontaneous ignition. The 
more double bonds present in the FA, the more unstable it is [14]. For example, 
C18:3 has a reaction rate 25 times that of C18:1, while C18:2 has a reaction rate 
approximately 10 times that of C18:1 [2, 15]. Oils having high percentages of 18:3 
are the most prone to spontaneous ignition. Oxidization of the oils can also be 
accelerated by other means. Heat, sunlight, and metallic driers accelerate the oxi- 
dation process [1, 10]. 

Antioxidants are added to some vegetable oil-based products to prevent the 
degradation of FAs. When antioxidants such as citric acid, tocopherol, butylated 
hydroxyanisole (BHA), and butylated hydroxytoluene (BHT) are present, free 
radicals react with the inhibitors instead of reacting with the FAs [2, 8, 10]. The 
period of time when the antioxidants are being consumed is called the induction 
period [6, 10]. Once antioxidants, natural and added, have been depleted, the 
autoxidation of FAs begins. 

The oxidation of the FA is an exothermic process; however, the reaction does 
not guarantee a material will ignite. The tendency of a material to undergo spon- 
taneous ignition depends on the initial temperature, rate of heat generation within 
the oil, the rate of heat dissipation to the surrounding material, and the availability 
of oxygen as well as the size, shape, and nature of the fuel package [2, 16]. For 
spontaneous combustion to proceed, oils need to be on a solid, porous medium so 
oxygen will be in contact with the oil throughout the heating process [12]. The 
support medium, such as 100% cotton rags, does not have to be combustible so 
long as it forms a rigid char when heated. An example of this is seen in laundry fires 
which involve cooking oils, where the heat of the dryer provides the heat needed to 
initiate the reaction. Materials that form a fluid mass when heated are not likely to 
allow spontaneous combustion, and bulk liquids will not spontaneously combust 
without the aid of catalytic reactions. 
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Fig. 4.4 Flow diagram showing the steps leading to spontaneous ignition 


When the oil is on a material which does not allow for adequate heat dissipation, 
the thermal oxidation reaction can cause the temperature to climb (Fig. 4.4). For 
every increase in 10 °C, the reaction rate doubles over the previous rate [17]. An 
exponential increase in the heat generation, referred to as thermal runaway, can 
occur when the heat generated speeds further oxidation reactions [2]. If the thermal 
oxidation reaction continues, the temperature can increase until it reaches the flame 
point of the support medium, leading to ignition. 


4.2.5 Collection and Storage of Vegetable Oils 


When a fire is suspected of being caused by a self-heating reaction, any remaining 
VORs can be further degraded by heat, oxygen, and water [10, 18]. The evidence to 
be tested (liquid samples, material from the lint trap, clothes from the dryer, nearby 
box of rags, etc.) should be collected in a vapor-tight container and stored under 
cold conditions, preferably a freezer, to help preserve any remaining VORs and 
reduce further degradation [10]. As seen in Fig. 4.5, FAs stored at room temper- 
ature can oxidize over time, resulting in the saturation of the double bonds. The 
higher number of double bonds a FA has, the easier it is to oxidize. This results in 
an overall reduction in PUFA levels in the oil over time. 
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Fig. 4.5 Image on the left shows an expanded chromatogram of a product containing FAs. Image 
right is the same product analyzed nine years later. Product was stored at room temperature and 
transesterified for analysis. C18:3 is present in the degraded sample; however, the abundance is 
significantly less than the fresh product 


When possible, a comparison sample of suspected oils should be sent for testing 
as well [6]. Protected from the effects of the fire, these liquid comparison samples 
can offer information as to what an occupant or contractor was using near the time of 
the fire and provide a more accurate representation of the original FA profile. 

Establishing early communication with evidence recovery personnel and original 
investigators is important for ensuring proper treatment of evidence suspected to 
contain VORs. Recovered evidence should be taken to the laboratory as soon as 
practical and evidence-receiving staff should be notified upon submission that the 
evidence is suspected to contain FAs. VORs are also subjected to the same mi- 
crobial degradation issues as conventional ignitable liquids [18]. 


4.2.6 Extraction and Analytical Considerations 


From an investigative standpoint, VOR analysis is typically geared toward identi- 
fying fatty acids that may have a tendency to self-heat and could potentially result 
in spontaneous ignition. The analytical scheme chosen as well as the results and 
conclusions that can be drawn from testing are dependent upon what is submitted to 
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the laboratory for testing. Factors affecting the end conclusions include the nature of 
the oil; degradation effects of light, oxygen, humidity, and microbes; thermal 
degradation effects; the matrix on which the VOR was applied; and the extraction 
methods used [6, 10, 19]. 


4.2.6.1 Ignitable Liquid Analysis 


ILR testing is the logical start in the analytical scheme for either neat liquids or 
debris samples [10]. VORs have boiling points above 300 °C, which makes passive 
headspace concentration an unacceptable recovery method in debris; however, 
some products contain traditional ignitable liquids that can easily be recovered by 
passive headspace concentration [10, 14, 20]. While fire scenes can thermally 
degrade oils, the typical 16-h exposure at 65 °C during extraction of 
petroleum-based ignitable liquids will not destructively alter the sample [6, 20]. 
Occasionally, FFAs can be recovered in headspace extraction, offering an examiner 
an indication that VORs may be present. Depending on the circumstances of the 
case and the type of matrix, further analysis for possible VORs may be necessary. 
An alternative for ILR recovery is solvent extraction [21, 22]. While solvent 
extraction is not generally used for ignitable liquid testing for reasons discussed in 
Chap. 2, the use of solvents such as pentane can effectively recover both the ILR 
and the VOR fractions [10]. 


4.2.6.2 GC-MS Considerations 


GC-MS is the most common method for characterizing VOs in liquids and VORs in 
debris samples. The preparation of samples for VO analysis, however, differs from 
standard ignitable liquid analysis. Both bound and free FAs are too heavy and too 
reactive with traditional fire debris columns to be analyzed successfully using fire 
debris methods, so they are converted to fatty acid methyl esters (FAMEs), which 
are more volatile [10, 14]. 

Neat liquids may be diluted in a solvent and then converted to FAMEs in a 
process known as derivatization. Debris samples, however, must be solvent 
extracted first. The resultant extract is then derivatized to form FAMEs. Several 
organic solvents are suitable for this purpose, including ethyl and diethyl ethers, 
pentane, hexane, heptane, and cyclohexane. The recovered extract is then deriva- 
tized with ~2 N potassium hydroxide (KOH) in methanol [10]. The methanol 
converts bound or free fatty acids into FAMEs. For example, the TAG in Fig. 4.1 
would be converted to a glycerin molecule and three FAMEs (FAs which terminate 
with—COOMe instead of—COOH). This technique, known as base-catalyzed 
transesterification, is a simple technique that provides good reproducibility and is 
inexpensive to perform [14] (Fig. 4.6). 

The methanol-organic solvent mixture separates, and the upper organic layer is 
removed for GC-MS analysis. If the sample is not concentrated enough, the 
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Fig. 4.6 Reaction for base-catalyzed transesterification [3] 


derivatized extract can be evaporated at room temperature. The application of heat 
should be avoided, as it can further oxidize and degrade the sample, which will alter 
the FAME profile [10]. 

Unlike petroleum products, which can produce complex patterns of peaks in the 
TIC, derivatized VOs will produce a relatively simple TIC with several peaks. 
Traditional nonpolar fire debris columns, such as DB-1 and DB-S, can be used 
when full separation and quantification of the individual FAMEs are not needed 
[3, 10]. Some examples of FAME profiles using these columns are shown in 
Fig. 4.7. While these columns do not provide baseline separation for some of the 
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Fig. 4.7 Examples of FAME profiles of oils expanded to show predominant peaks. Peak 1 is 
C16:0, Peak 2 is C18:2, Peak 3 is C18:1, and Peak 4 is C18:3 
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more common FAMEs, the compounds can be resolved sufficiently to allow for 
identification using mass spectrometry. To obtain optimal separation of the FAMEs 
by GC-MS, the instrument can be equipped with a polar column (such as a 
DB-Wax, HP-Wax, Supelco SP2380) [3]. These polar columns are designed 
specifically for the separation of FAMEs [3, 10]. Columns such as DB-23 also 
provide efficient separation of complex FAME profiles and can provide some 
separation between cis- and trans-isomers. 

FAMEs create reproducible fragmentation patterns when EI-MS is used. Two 
particularly useful ions are produced by cleavage of the C—C bond next to the ester. 
This C—C bond can undergo a McLafferty rearrangement and produce a singly 
charged radical cation with m/z 74 (Fig. 4.8) [18]. The resonance-stabilized acylium 
ion has m/z 59, which results from the alpha cleavage of the C—C bond. While of 
lower abundance than the McLafferty rearrangement, the infrequent appearance of 
the m/z 59 ion in debris makes it also of value [18]. Along with a loss of 32 amu 
from the loss of methanol, these ions provide an easy way to confirm a FAME is 
present [23]. These ions are also useful in an EIP similar to those discussed in 
Chap. 2 to assist examiners in screening data rapidly. With the molecular weight, 
examiners can also calculate the number of carbons, hydrogens, and oxygens 
present; however, the location of double bonds, branch points, and ring structures is 
difficult to determine and is generally beyond the scope of the investigation [23]. 

EIPs can also be created using the molecular weights of various FAMEs. 
Table 4.2 lists some of the molecular weights that can be used to rapidly screen for 


Fig. 4.8 Top: alpha cleavage 
of the C—C bond results in a 
resonance-stabilized acylium 
ion (m/z 59). Bottom: 
McLafferty rearrangement 
results in a radical ion (m/z 
74) [18] 


Table 4.2 Common fatty FA FA MW 

acids and the molecular Designation Designation 

weights of the resulting C60 C18:1 296 

methyl esters [3] 
C8:0 C18:2 294 
C10:0 C18:3 292 
C12:0 C20:0 326 
C14:0 C22:0 344 
C16:0 C24:1 342 
C16:1 C24:0 372 
C18:0 C24:1 370 
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Fig. 4.9 Left: TIC of linseed oil. Right: extracted ion chromatograms (EICs) for various C18:X 
FAMEs [3, 10] 


FAMEs [10]. A series of extracted ion chromatograms representing the molecular 
weights of FAMEs in linseed oil is shown in Fig. 4.9. 


4.2.6.3 Data Interpretation 


Analysis of the PUFA content by GC-MS can inform the examiner of the oil’s 
tendency toward self-heating based on the FA content, as shown in Fig. 4.7. With a 
larger relative percentage of PUFAs, corn oil has a higher tendency to self-heat than 
peanut oil. Linseed oil, which contains a relatively large proportion of C18:3, will 
spontaneously ignite under favorable conditions. This information is not, however, 
enough to state unequivocally that a fire could have occurred via spontaneous 
ignition. For example, many different formulations of linseed oil are currently 
marketed to customers for a variety of uses and all will contain similar PUFA 
profiles; not all linseed oil is prone to spontaneous ignition, however [6]. Some 
forms contain additives that contribute to the tendency to self-heat [2]. These 
additives may not be detected using traditional fire debris methods. The mixture of 
the PUFA profile and physical tests can demonstrate if the oil is truly capable of 
self-heating to the point of ignition and allows the examiner to conclude that the oil 
in question can cause spontaneous ignition. 
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It is also important to remember that the PUFA profile in a debris sample is 
indicative of what FAs are present at the time of analysis but may not be the same 
as what was present before the fire started. Once involved in a fire scene, the 
original oil may be thermally degraded [2, 10]. Heat speeds up the oxidation of the 
sample and can lead to skewed PUFA profiles that differ from the original oil. As 
shown in Fig. 4.5, when oils degrade, the FAs present become more saturated than 
their original composition. The more unsaturated the FA, the more likely it is to be 
oxidized [1, 10]. 

Depending on the needs of the submitter, the nature of the samples submitted, 
and the capabilities of the laboratory, additional testing may be performed. Other 
tests used to characterize VOs include iodine value, saponification value, acid 
value, and Mackey (tendency toward self-heating) tests [2]. The Mackey test can 
be modified to test ability of the oil to self-heat to the point of ignition [7]. In this 
test, oil is applied to cotton rags and placed into a container to provide necessary 
conditions for thermal runaway. The reaction is monitored for fire indicators such as 
smell, white smoke, and, eventually, flames. The use of thermocouple data loggers 
can provide a digital graph for documentation purposes. To speed the reaction, the 
set up can be placed initially in an isothermal oven and then removed to a location 
that allows for easier monitoring and extinguishing after completion. 


4.2.6.4 Bringing It All Together 


Cases where spontaneous combustion or VORs are suspected require examiners to 
incorporate many considerations before reaching a conclusion. Relative proportions 
of saturated, monounsaturated, and polyunsaturated FAs present in a sample form 
the base of information for reporting about a sample’s tendency to self-heat. The 
relative proportions of the classes of FAs can be estimated using their molecular 
weights. Examiners must also consider the possibility the sample has undergone 
degradation and may not have the same relative ratios as the original oil [3]. Since 
FAs degrade to their more saturated forms, the original oil will never be more 
saturated than what was detected during testing [10]. 

It is also imperative that laboratories and analysts are aware of the products 
commonly found in households which are known to contain FAs and VORs. Even 
when not required to generate the report, these considerations become important 
when communicating to customers the implications associated with the reported 
conclusions. 


4.2.7 Reporting 


The breadth of the conclusions that can be reached is based on the testing per- 
formed. If no ignition testing was done, the results should be limited to discussion 
of the fatty acids present. Examples include [10, 22]: 
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e No fatty acids were identified. 

e Fatty acids were identified: saturated with no tendency to self-heat. 

e Fatty acids were identified: monounsaturated with a very low tendency to 
self-heat. 

e Fatty acids were identified: No polyunsaturated fatty acids were detected, 
indicating little to no tendency of self-heating. 

e Fatty acids were identified: low amount of polyunsaturated fatty acids present, 
indicating a low to moderate tendency of self-heating. 

e Fatty acids were identified: A large amount of polyunsaturated fatty acids were 
identified, indicating a high tendency to self-heat. 


Degradation due to heat, water, microbial action, etc., may make it impossible 
for examiners to correlate saturation levels to the original liquid [6]. When no or 
low PUFAs are identified, it does not eliminate the possibility that a substance with 
higher degree of unsaturation with a corresponding tendency to self-heat was 
present before the fire. Since degradation of VORs presents a reduction in the 
PUFA level of the oil, the reported results represent the lowest possible tendency 
for an oil to self-heat. It does not preclude the possibility that the original VOR, 
prior to the fire incident, had a higher tendency toward self-heating. Conversely, the 
presence of a relatively large proportion of PUFAs does not necessarily mean that a 
self-heating reaction occurred. 

If the Mackey or modified Mackey test demonstrates the oil is capable of 
self-heating, especially when it progresses to the point of ignition, then the con- 
clusions include discussion of the tendency of the oil to self-heat and possibly result 
in spontaneous ignition. 


4.3 Alternative Fuels 


While vegetable oils require different techniques than traditional fire debris anal- 
ysis, the analysis of alternative fuels, including vegetable oil-based biodiesel and 
ethanol fuels, uses familiar fire debris methods. The main difference is the com- 
position of the liquids being analyzed. 

Traditional petroleum-based fuels, such as gasoline and diesel, are easy to 
produce and readily available, but they produce high carbon emissions, pollute the 
environment, and have a finite supply [1, 24]. Non-traditional vehicular fuels 
have been around for a long time. They have ranged from steam and electrical 
sources to more obscure fuels like wood smoke. The Alternative Motor Fuels Act, 
passed in 1988, provided credit toward auto manufacturers who produced alter- 
native fueled vehicles, including engines which operated on propane, natural gas, 
and flexible fuel designs [25]. 

Changes in engine requirements and legislative measures have led to changes in 
the gasoline standards over time. The Clean Air Act Amendments of 1990 elimi- 
nated lead from gasolines [26]. In addition, it required an oxygenated additive to be 
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blended into conventional, reformulated, and oxygenated gasolines. Methyl 
tert-butyl ether (MTBE) was initially used to oxygenate gasolines; concerns with 
groundwater contamination, however, led US states to start banning its use [25]. 
The search for a more environmentally friendly and sustainable alternative led to 
the reemergence of alternative fuels. 

The Energy Policy Act of 2005 removed the oxygenate mandate for reformu- 
lated gasolines and required the use of renewable fuels [26]. These fuels are a more 
sustainable source of energy, cleaner burning, more environmentally friendly, and 
produce fewer carbon monoxide and toxic emissions [1, 24]. This act, along with 
the ban on MTBE, increased the use of ethanol in gasolines. The move toward 
alternative vehicular fuels was given an additional push from the Energy 
Independence and Security Act (EISA) of 2007, which mandated the increased use 
of biofuels to a level of 36 billion gallons by 2022 [25-27]. Two of the most 
common types of alternative vehicle fuels available today are ethanol-based fuels, 
such as E85, and vegetable oil-based biodiesel. 

As non-traditional fuels become cost effective to produce and more available, the 
likelihood of seeing these products during a fire investigation increases. Fire debris 
examiners need to be aware of emerging fuels, methods of analysis, interpretation 
of the data as well as how to report them accurately. 


4.3.1 Biodiesel 


While working on developing his internal combustion engine in the late 1800s, 
Rudolf Christian Diesel used petroleum-based fuels such as kerosene. In 1900, 
when he demonstrated its operation during the World Exhibition in Paris, he 
operated it using peanut oil. Believing in the use of vegetable oils as a fuel source, 
Diesel theorized they would become as important as petroleum products [28]. 
Patents obtained in the 1940s by E.I. DuPont and Colgate-Palmolive-Peet provided 
the basis for the production methods still in use today [24]. Recognizing biodiesel 
as an alternative fuel in the Energy Policy Act of 1992 (amended in 1996), the 
Energy Conservation and Reauthorization Act of 1998 added B20 biodiesel to the 
list of acceptable alternative fuels [1, 29]. 


Biodiesel (B100) is defined by ASTM D6584 as a “fuel comprised of mono-alkyl 
esters of long-chain fatty acids derived from vegetable oils or animal fats” and can be 
produced from clean vegetable oils, animal fats, and recycled cooking oils which 
have been processed to convert their FAs to FAMEs [30, 31]. Shorthand abbrevi- 
ations of BXX show the percentage of biodiesel present in the fuel [28]. For 
example, B20 represents a blended biodiesel product containing 20% biodiesel and 
80% petroleum-based fuels, such as diesel, kerosene, jet A, JP8, and heating oils [1]. 
When the fuel is comprised of only biodiesel, it is referred to as B100. 

Containing 11% oxygen by weight and having a higher cetane number, B100 
provides a more complete combustion than traditional diesel and reduces emissions. 


120 D. Byron 


Traditional diesel fuels must have a cetane number of at least 40, however, ASTM 
has set a limit of 47 for all B100 fuels. The higher the cetane number, the better cold 
start properties the fuel has and the less likely it is to form white smoke. Since 
plants fix CO, to generate carbon-based products and B100 biofuel can be produced 
from plant-derived feedstocks, the burning of biodiesel blends can have a net 
overall reduction in CO, compared to the burning of standard petroleum fuels [1]. 
The greater the percentage of biodiesel in the fuel, the larger the reduction. 

Historically, traditional diesel contained sulfur to provide a lubricating effect for 
engine parts. However, current Environmental Protection Agency 
(EPA) requirements dictate that no more than 15 ppm sulfur be present in diesel 
fuel to help reduce toxic emissions. The use of this low-sulfur fuel has led to 
premature fuel pump failure and expensive engine repairs. The addition of biodiesel 
to ultra-low-sulfur diesels, even as little as 1-2%, helps add lubrication back to the 
fuel [1]. These low blend biofuels can be marketed and labeled as traditional diesel 
products. B20, the most common blend marketed in the USA, can be used in diesel 
engines without modification. This alternative fuel balances the requirements for 
clean air standards, cost-effectiveness, and performance. B20 can also be stored and 
pumped using the same equipment found in traditional diesel tanks [1]. 

The higher cetane number of B100 is thought to lead to quieter engine operation 
and easier starting; however, the use of B100 is not without its issues. The use of 
fuels containing high percentages of biodiesel can cause wear on engine compo- 
nents and lead to premature engine failure [1]. 


4.3.2 Biodiesel Refining 


Biodiesel can be produced from a variety of feedstocks. The production process is 
simple, rapid, and cost effective. The FA composition of the feedstock affects the 
final properties of the biodiesel. Saturated fatty acids from feedstocks, such as 
hydrogenated frying oils and chicken fat, produce a fuel with a higher cetane 
number and more stability than those produced from polyunsaturated fatty acids. 
Biodiesel has been refined from the following sources [1]: 


e Animal fat: edible and inedible tallow, lard, white and yellow grease, poultry 
fats, and fish oils 

e Vegetable oils: mustard, palm, coconut, peanut, olive, sesame, safflower, soy, 
corn, canola, sunflower, rapeseed, and cottonseed 

e Used/recycled oils: trap greases and used cooking oils 

e Microorganisms: algae, fungi, bacteria, molds, and yeast. 


As an underivatized vegetable oil, straight run vegetable oil (SVO) has a 
higher viscosity than diesel fuel. As a result, in cooler temperatures, it is prone to 
gelling and causes ring sticking, heavier engine deposits, and other maintenance 
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issues. This makes it less than ideal for routine fuel use [1]. To counter these effects, 
the fatty acids are transesterified to produce FAMEs. 

The most common commercial method is base-catalyzed transesterification, due 
to the low temperature and pressure requirements [28]. This is the same derivati- 
zation method discussed earlier for the preparation of vegetable oils for analysis. It 
produces fewer side reactions than acid-catalyzed transesterification and does not 
require chemically resistant materials. Acid-catalyzed transesterification can be 
performed, but the reactions are more difficult than base-catalyzed transesterifica- 
tion. The reaction takes several hours at temperatures over 100 °C, and the highly 
acidic environment requires the use of chemically resistant materials [1, 28]. In 
addition, the presence of any water can lead to carboxylic acid formation instead of 
methyl esters [32]. The carbonyl group of the ester is first protonated, cleaving the 
glycerin. The resulting carbocation then forms a new ester on the FFA to produce 
the FAME and regenerates the acid catalyst. Bronsted acids, such as HCl, BF3, 
H3PO,, and H2SOxq, can work; however, due to the costs involved, sulfuric acid is 
most frequently used [33]. 

Regardless of the method used, the end result is FAMEs and glycerin. With 
respect to fuel production, this remaining glycerin after transesterification is con- 
sidered waste [28]. The glycerin is removed, methanol is washed from the crude 
biodiesel fuel, and the methyl esters are neutralized. 


4.3.3 Analytical Considerations, Data Interpretation, 
Classification, and Reporting of Biodiesel 


Liquid samples can be analyzed in the same way as traditional petroleum liquids 
[19, 28]. The abundance of the FAME peaks increases with their increasing con- 
centration in the blend (Fig. 4.10). While most biodiesel fuels will have FAMEs 
visible in the TIC, B5 biodiesel does not show the presence of FAMEs in the TIC 
until the sample has been highly weathered [18]. While they may be marketed as 
traditional diesel fuels, the presence of FAMEs in low percentage blended products 
can be identified using extracted ion chromatograms (see Sect. 4.2.6). 

As with traditional petroleum-based ignitable liquids, the presence of matrices 
complicates sample preparation. As a blended diesel product, biodiesel is expected 
to remain on substrates, which increases the likelihood of recovery [28]. While 
traditional recovery methods work well, depending on the information needed, 
additional techniques may be required. Differences in the vapor pressures of the 
various components coupled with competitive adsorption on the carbon strip lead to 
an underrepresentation of the FAMEs compared to the diesel (Fig. 4.11) [19]. As a 
result, biofuels extracted with passive headspace concentration are subjected to the 
same displacement issues seen in petroleum-based products. Higher oven temper- 
atures can increase the recovery of the FAMEs [19, 34]. 
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Fig. 4.10 TICs obtained using traditional fire debris methods. Solutions are 2% diluted in carbon 
disulfide. Top: diesel fuel. Middle: B20 biodiesel blend. Bottom: B100 biodiesel 


Passive headspace concentration may not be an efficient extraction technique for 
the isolation of the FAMEs in biodiesel due to their somewhat low volatility [19]. As 
such, solvent extraction can be used on debris samples. Using the practice set forth in 
ASTM E1386, samples can be extracted after passive headspace concentration has 
occurred. Solvents, such as pentane or hexane, extract both petroleum-based prod- 
ucts and FAMEs, allowing the identification of a biodiesel [19, 22]. 

Biodiesel may be identified using a traditional fire debris column or a specialized 
FAMEs column. Laboratories attempting to compare liquids, however, should use a 
polar column capable of baseline separation of FAMEs, such as those described in 
Sect. 4.2.6 [3, 10]. 

Like petroleum-based liquids, biodiesel is affected by weathering. The high 
boiling point of FAMEs makes the weathering of blended biodiesel products more 
difficult than a traditional heavy petroleum distillate. The higher the percentage of 
FAMEs present in the blend, the harder the liquid is to evaporate. As heat is 
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Fig. 4.11 TICs comparing liquid and headspace concentration of a B20 liquid. Top: 2% in carbon 
disulfide. Bottom: extract (passive headspace concentration for 16 h at 60 °C) obtained using a 
traditional ignitable liquid residue temperature program 


applied, the distillate is reduced, and the FAMEs become more concentrated. As the 
sample is evaporated, the lighter end of the distillate is no longer visible, leaving a 
higher proportion of FAMEs. Eventually, the liquid turns into a dark resin-like 
liquid and will no longer evaporate. The overall composition of the FAMEs is not 
affected until the liquid is weathered over 75% [18]. 

Both thermal and metabolic oxidative decompositions can affect biodiesels 
(Fig. 4.12). While much is left to study about the effect microbes have on biofuels, 
it is clear they are subjected to degradation as other petroleum products are. In a 
blended fuel, the FAMEs are preferentially oxidized and can be undetectable within 
fourteen days [6, 18]. 


124 D. Byron 


C18:1 


C18:2 


C18:0 


C18:1 


C18:2 


C18:0 


ah ACR JNK A 


Fig. 4.12 Oxidation of FAs and FAMEs can occur over time and alter the overall composition of 
the sample. Image shows expanded chromatograms of fresh biodiesel (top) and biodiesel stored on 
a laboratory shelf in sealed glass vial (bottom). Peak | is C18:2, peak 2 is C18:1, and peak 3 is 
C18:0. Solutions are in carbon disulfide 
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Recent changes to ASTM E1618 classify biodiesel as an oxygenated solvent [35]. 
While products which contain FAMEs as a major component can correctly be 
classified as an oxygenated product, low FAME blends, such as B5, only show the 
presence of FAMEs when they are highly evaporated, since the unevaporated liquid 
does not have a strong presence of oxygenated compounds [18]. EIC/EIPs should 
be used to screen heavy petroleum distillates for the presence of FAMEs in case of 
such a low FAME blend. 

To aid investigators and other end users, laboratories may choose to report 
biodiesels using descriptors other than an oxygenated solvent. Identification of 
B100 can be written to include biodiesel (B100) as an example product. Blends 
containing diesel fuels can be reported as a mixture of a heavy petroleum distillate 
and a heavy oxygenated solvent, or FAMEs, to include biodiesel blended fuels. 


4.3.4 Ethanol Fuel Refining and Fuel Blend Production 


Ethanol is produced from starch or sugar-based feedstocks such as corn grain, 
sugarcane, sorghum, barley, sugar beets, and cellulosic feedstocks like wood chips 
and sawdust, as well as crop residues such as corn cobs and rice straw [27, 31]. 
Most of the feedstocks used in the USA to produce ethanol originate from corn 
grains [31]. Regardless of the feedstock used, the same chemical is produced. 

To deter drinking, fuel ethanol produced in accordance with ASTM International 
standard methods is required to contain 1.76—5% denaturants. These can include 
natural gasoline, gasoline components, or unleaded gasoline. When gasoline 
products are used as the denaturant, the ability of the ethanol to absorb water is 
limited [26]. Once the ethanol meets ASTM International specifications, it is 
blended with gasoline products for distribution. At the time of blending, fuel 
ethanol must contain at least 92.1% ethanol and contain no more than 1% water 
[26]. 

Ethanol fuel is typically denoted by EXX, where XX is the percentage of ethanol 
in the fuel (Fig. 4.13). For example, E85 contains 85% ethanol and 15% gasoline. 
While all internal combustion engines can safely operate using E10 gasoline blends, 
only flex-fuel vehicles are rated for blends containing higher percentages of ethanol. 
Notices are placed on vehicles, so operators are aware the vehicle can use these 
blends. Flex-fuel vehicles are equipped with catalytic converters and fuel systems 
that are protected against the metal corrosion and deteriorating effects that high 
concentrations of ethanol can have on them [25]. In addition, the engine computer 
system adjusts the air/fuel ratio and the fuel injector is modified to compensate for 
the high ethanol concentrations. 
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Fig. 4.13. Comparison of E85 and traditional gasoline. Top: 2% E85 in carbon disulfide. Bottom: 
2% gasoline in carbon disulfide 


4.3.5 Analytical Considerations, Data Interpretation, 
Classification, and Reporting of Ethanol-based Fuels 


Laboratories can receive samples in either liquid or debris form. Liquid samples can 
be analyzed in the same way as other ignitable liquids, as covered in Chap. 2. 
Unlike vegetable oils, E85 gasolines are not prone to storage issues, as can be seen 
in Fig. 4.14. Even with weathered samples, ethanol remains the dominant peak 
until the liquid is highly evaporated (~ 98%) [19]. 

Condensation and fuel temperature fluctuations can cause water to absorb into 
the fuel. Once enough water has absorbed to reach the saturation level of the fuel, 
the water and alcohol separate away from the remaining fuel and form a bilayer 
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Fig. 4.14 Top: E85 liquid reference sample obtained in 2007 and analyzed in 2011, with a 
dominant ethanol peak. Middle: the same E85 sample analyzed in 2018. Note the stability of the 
ethanol during storage. Bottom: 98% evaporated E85 gasoline, where the TIC begins to show a 
characteristic gasoline pattern 


(Fig. 4.15) [36]. If the liquid has formed a bilayer, either from absorption of water 
or from separation of denaturants, it is important to identify both the ethanol and the 
gasoline in the sample. Ethanol, while present in both layers, will be dominant in 
the aqueous fraction, while the gasoline will be identifiable in the organic layer. 
These can be separated via liquid—liquid extraction for further analysis. 
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Fig. 4.15 Left: E85 liquid 
reference sample. Right: E85 
recovered from a vehicle fuel 
tank showing ethanol 
separating to form a bilayer 


Characterization of the organic layer is important when laboratories attempt to 
identify possible sources of engine failure. When an incompatible fuel is used in an 
engine, excessive wear can occur due to oxidation and degradation of the engine 
components [37]. This type of damage has been seen in insurance fraud cases 
involving incorrect fuels being used in vehicles. If a representative sample is col- 
lected from the vehicle, it can be tested for the presence of incorrect fuel types, 
contaminants and additives, oxidation and degradation by-products can be identi- 
fied, and particulates are noted. 

Since passive headspace concentration can extract both the ethanol and the 
gasoline from the headspace, ethanol-based fuels can be recovered with this tech- 
nique, given the proper GC-MS program. While the ethanol is still dominant, the 
gasoline fraction can be more pronounced due to displacement of the ethanol by 
gasoline compounds [19]. Some GC-MS methods begin collecting data after the 
solvent has passed the detector, a period commonly referred to as a solvent delay. 
Methods which have a solvent delay that extends after the elution solvent has 
passed the detector risk missing the ethanol fraction, depending on the solvent 
choice. Having earlier retention times than most solvents, the ethanol may not 
appear, and examiners may only observe gasoline (Fig. 4.16) [19]. 

As discussed in Chap. 2, the GC-MS method can be adjusted so that the detector 
is on right after injection and then turns off during the elution of the solvent, as in 
the bottom of Fig. 4.16. The molecular weight of ethanol is 46 amu, and many of 
the diagnostic ions are less than 40 amu. As such, the scan range of the mass 
spectrometer should also be adjusted to have a lower starting m/z of 15 [19]. 

Due to the low abundance of gasoline in E85, the TIC may not show obvious 
signs of gasoline; extracted ion profiles/chromatograms, however, will show 
characteristic gasoline patterns (Fig. 4.17). 

The increasing use of ethanol in gasolines makes it more difficult to determine if 
a debris sample contains E85. Laboratories who wish to report a sample as an 
ethanol-based fuel should exercise caution, as all standard gasolines could contain 
up to 10% ethanol. A large abundance of ethanol relative to the gasoline pattern 
should be present if E85 reporting is considered. Even though ethanol is dominant 
in the sample, ASTM E1618 classifies ethanol-blended fuels as gasoline [35]. 
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Fig. 4.16 Top: E85 liquid reference sample analyzed using a solvent delay. Bottom: same E85 
gasoline analyzed without the solvent delay 


As with the biodiesel blends, the examiner may choose to report ethanol-blended 
fuels as a mixture of ethanol and gasoline. While the examiner may not be able to 
state unequivocally that the fuel is an ethanol-blended fuel, these fuels can be 
mentioned as an example of such a mixture. Examiners must also consider the 
containers or matrix which the sample was obtained from. If the liquid sample or 
debris is from the bottle of an alcoholic beverage, it is possible that the beverage is 
the source of the ethanol. 
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Fig. 4.17 Top: aromatic profile of an E85 liquid reference sample. Bottom: Matrix sample was 
burned and then spiked with 20 uL of E85. Data shows the aromatic profile from 16 h of passive 
headspace concentration at 60 °C 


4.4 Future Needs and Challenges 


The understanding of vegetable oils, spontaneous ignition, and alternative fuels by 
the fire debris community has increased in recent years; however, much is still left 
to study. Well-constructed studies are needed to better understand the changes that 
result from storage conditions, how FAs change when weathered or subjected to fire 
conditions and subsequent extinguishment, and the effects of incomplete combus- 
tion as well as microbial degradation [10, 14, 38]. This information can provide best 
practices for storage conditions of liquid and debris samples, extracted samples, and 
understanding of how to handle samples where multiple types of analyses are 
requested. 

Equally important is an understanding of the materials which contain VOR, FAs, 
and FAMEs. Laboratories and analysts are encouraged to maintain reference liq- 
uids and matrix samples for testing. If a strong peak or pattern is present that is not 
normally seen in traditional petroleum products, examiner should take caution and 
consider screening the sample for an alternative fuel or VOR. 
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It is imperative that fire debris examiners remain cognizant of changes in both 
the fuel markets and the new technologies. As manufacturers find additional uses 
for VORs and create new alternative fuels and new technologies to produce them, it 
will become more important for examiners to keep abreast of the changes. New 
“green” products, such as lighter fluids and torch fuels, are making their way to the 
market and into fire debris samples. These products not only challenge our 
understanding of what is considered an ignitable liquid product but how to properly 
extract, analyze, and classify them. A firm understanding of the patterns of petro- 
leum products as well as alternative fuels can help prevent misidentifications. 

Striving to look not only at the information geared toward fire debris examiners, 
but all avenues of VOR and alternative fuel research, can help the field stay current. 


4.5 Questions 


1. True or False: All triglycerides, whether they originate from plants or animals, 
are considered vegetable oils. 

2. Can all vegetable oils undergo oxidative polymerization to form hard films? 

Are autoignition and spontaneous ignition interchangeable terms? 

4. Is passive headspace an acceptable recovery technique for FAs? How about 

biodiesel? Why or why not? 

What is the most common method for creating FAMEs? 

What feedstocks are used to create biodiesel? 

7. Can the ethanol in E85 fuels be detected on GC-MS methods that use a solvent 
delay? 


ad 
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Learning Objectives 


Understand there is variation within ASTM E1618 classes 

Understand the types of some of the observed variation 

Understand some variation is due to differences in carbon range of compounds 
Understand the petroleum refining process, distribution, and product filling 
practices may be a source of observed variation. 


5.1 Introduction 


Chapter 2 discussed the typical characteristics of ignitable liquid classes and gave 
examples of their “classic” presentations. The major focus of this chapter will be on 
the variability observed within the various classes of refined petroleum products. 
The variability seen in the oxygenated and miscellaneous classes does not follow an 
established pattern. As such, examples of each will be discussed, but the examiner 
must always consider that they have the potential to be endlessly variable. 

The variability in refined petroleum products starts with the characteristics and 
variability of the petroleum feedstocks used in the refinery process. The feedstocks 
used contain both aliphatic and aromatic components; however, the composition 
can be varied. Figure 5.1a and b shows the TIC and common EIPs used in the 
interpretation of fire debris samples for two different raw petroleum feedstocks. The 
Pennsylvania crude oil (Fig. 5.la) is comprised mostly of normal alkanes, 
cycloalkanes, and branched alkanes, with no major peaks consistent with alkenes 
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Fig. 5.1 a TIC and EIPs of Pennsylvania crude oil; no data was collected for any components 
eluting prior to C3-alkylbenzenes. Peaks denoted with an “A” are normal alkanes, with “O” are 
tentatively identified as cycloalkanes, and with a “B” are tentatively identified as branched alkanes. 
b TIC and EIPs of shale oil, NIST SRM#1580; no data was collected for any components eluting 
prior to C3-alkylbenzenes. Peaks denoted with an “A” are normal alkanes, with an “E” are 
tentatively identified as alkenes, with “O” are tentatively identified as cycloalkanes, and with a “B” 


are tentatively identified as branched alkanes 
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Fig. 5.1 (continued) 
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and almost no PNAs present. Conversely, the shale oil reference sample (Fig. 5.1b) 
is comprised mostly of normal alkanes, alkenes, and branched hydrocarbons, with 
little cycloalkanes and significantly more initial PNA response. While both have 
normal alkanes as the most abundant compound class, there are clear differences in 
the overall composition. 

Typically, the refining process of crude oil involves distillation, catalytic 
(cat) cracking, alkylation, isomerization, and reforming, which produces a variety 
of product streams (see Chap. 2). Some of the refinery initial product streams are 
sold directly to manufacturers and distributors, but most are further refined or 
blended with one another to generate products that meet specific customer 
requirements. 

Unless the final product is a low-volume specialty product, the refined product is 
commonly transported by underground pipeline (in the USA [1]) to an oil depot 
(sometimes also called a tank farm or oil terminal). Multiple refineries may con- 
tribute to the stock held by a single oil depot, often in the same tank, which creates a 
mixture. The crude oil source, pipeline distribution system, and the comingling of 
“like” products at the oil depot, all produce variability. 

Product specifications are another source of variability. There are many 
industry-wide specifications for the production of various products that are con- 
sidered by fire debris examiners to be ignitable liquids. Table 5.1 lists a small 
sampling of consensus specifications that have been developed through ASTM. 
A distribution company or retailer will additionally have a specification sheet that 
details the characteristics required for a particular product (e.g., color, flash point, 
viscosity, corrosivity, odor, required physical properties). Some of these charac- 
teristics can be altered by adjusting the chemical composition of the product, such 
as reducing the aromatic content to manufacture a product that generates less soot 
upon burning. Other considerations that may also be included in an individual 


Table 5.1 Examples of some ASTM industry standard specifications that might relate to ignitable 
liquids encountered in fire debris analysis 


ASTM" | Describes specifications for: 


D4814 | Spark-ignition engine fuel (gasoline) 


D235 “Mineral spirits” in the coatings (e.g., paint) and dry-cleaning industries 


D396 Various types of fuel oils, including No. | fuel oil (e.g., kerosene) and No. 2 fuel oil 
(e.g., diesel or home heating oil), as well as fuel oil numbers 4, 5, and 6 


D975 Diesel fuels 
E3050 ‘| Denatured ethanol used for cooking or appliance fuel 


D4806 | Ethanol-based fuels blended with gasoline for spark-ignition engines (e.g., E85, 
ethanol denatured with gasoline) 


D7467 | Biodiesel fuel oil blends from B6 to B20 


D1152 | Methanol used as solvents, plasticizers, and chemical intermediates 


D3735 | “VM&P naphthas” primarily used in the coating industry 


* All ASTM standards referenced are published by ASTM International and can be found at 
https://www.astm.org 
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specification sheet could relate to possible health effects, safety, and local (e.g., 
Californian) regulations. 

Some product specification sheets are very exacting, while others are more 
general in nature. For instance, a more general specification for a product to be 
marketed as a charcoal lighter fluid could be one that requires the material to be a 
petroleum product that has a flash point above a specific temperature [e.g., above 
38 °C (100 °F)], with no other limitations on chemical content. This specification 
sheet could be satisfied by numerous different petroleum products, including most 
medium- and all heavy-range products, and could be any of the following ASTM 
E1618-14 classifications: petroleum distillate (with or without aromatic content), 
isoparaffinic product, naphthenic—paraffinic product, normal alkane product, aro- 
matic product, or a blend of two or more of those listed above. When the distributor 
or retailer sells out of their first delivery of the product, the next shipment of the 
product, potentially sold with identical labeling other than the manufacturing lot/ 
batch number, may have completely different chemical content, while still meeting 
all the requirements of the particular product’s specification sheet. This imparts the 
possibility of wide variability to even identically labeled consumer products. 

In general, the variation observed in petroleum products is related to the carbon 
range and the ratio of the various chemical classes (i.e., normal alkanes, aromatic 
content, and branched alkanes) to one another. Because the carbon range is so 
important in addressing variability, many chromatograms throughout this chapter 
have carbon numbers labeled. For example, the label “Cg” or “8” on a chro- 
matogram indicates the retention time for n-octane. Additionally, in the figures, the 
notations of alkyl-substituted aromatic compounds have been shortened by 
removing the word “alkyl” (e.g., C.-benzenes instead of C-alkylbenzenes) for 
brevity. 


5.2 Gasoline 


Although we may think of gasoline as a simple commodity, in actuality it is a 
complex mixture of various petroleum refinery streams and other performance or 
regulatory additives that are all blended together. In the USA, gasoline (except 
when an oxygenate is the primary component, such as in E85) must meet the 
requirements of ASTM D4814, Standard Specification for Automotive 
Spark-Ignition Engine Fuel [2]; in the European Union, petrol (gasoline) must meet 
the requirements of EN 228 [3]. Some of the requirements or specifications for 
gasoline within ASTM D4814 include: octane, vapor pressure (which affects ease 
of starting when hot or cold, drivability, and has a large effect on air quality), 
vapor-—liquid ratio, distillation characteristics, sulfur content, and oxygenate con- 
tent, to name a few. 

To meet the requirements of ASTM D4814, gasoline may have to have different 
characteristics from month to month, or even county to county. The chemical 
content of gasoline is not constant or strictly defined by ASTM D4814, while the 
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characteristics of gasoline are defined. The refinery will have a variety of materials 
readily available for blending that will not be constant. Therefore, the composition 
of the gasoline being blended at each refinery would be expected to change over 
time. Many of the requirements of ASTM D4814 must be fulfilled by the actions of 
the refinery when blending their product streams; only some can be addressed 
further downstream in the distribution chain. Further, the composition of the 
gasoline must change in response to the needs of the end consumer. Gasoline in 
summer months or warmer climates will look slightly different than those in winter 
months or colder climates to account for changes in vapor pressure due to season or 
climate. For example, a warm weather blend might not produce enough vapor to 
efficiently start an engine in an Alaskan winter. 

The requirements of modern engines cannot be met by petroleum processing 
alone, so a range of additives are included in order to facilitate specific properties or 
characteristics. Some of these additives are included at the refinery, while some are 
in the additive package included in the final delivery tanker truck that goes to the 
retail station. Additive packages are formulated so that the final gasoline at the retail 
site will meet the requirements of ASTM D4814, and may also be based on brand 
(which may include the use of proprietary components such as detergents, octane 
boosters, or stabilizers). For instance, any required ethanol (or other oxygenate) is 
added when the tanker truck is filled at the oil depot, because ethanol and other light 
oxygenates cannot be transported through the current underground pipeline system 
[4]. With changes in characteristics over time and location based on regulation 
requirements, the blending of product streams at the refinery to meet characteristic 
requirements, transportation through shared pipelines, and the mixing of multiple 
batches of product at the oil depot, variability in the composition of gasoline 
samples should be expected. 

In the analysis of fire debris samples, the criteria for the identification of gasoline 
according to ASTM E1618-14 [5] require an aromatic pattern comparable to a 
reference and an associated alkane pattern. The general range of variability found in 
gasoline will be discussed. All the gasolines chromatographically presented here 
were included in a set of 71 gasolines that were evaluated in a survey of US 
gasolines [6]. 


5.2.1 Variability in the Alkane-to-Aromatic EIP Ratio 


Gasoline contains aliphatic and aromatic hydrocarbon content; the relative con- 
centration of each of these hydrocarbon classes is a type of variation among 
gasolines. This difference is reflected in the ratio of the alkane and aromatic 
extracted ion profiles (EIPs). In the examples of gasoline presented here, relative 
ratios were obtained by comparing the approximate maximum abundance (maxi- 
mum peak height) for each profile. Based on the 71 samples of gasoline that were 
compared [6], the average, highest, and lowest alkane-to-aromatic ratios observed at 
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Table 5.2 Approximate 


i Level of evaporation Alkane: aromatic EIP ratio 
ratios of the alkane to 
aromatic EIP of gasoline at Average 
various levels of evaporation _Neat/unevaporated Lil 1:6 6:1 
50% evaporated 1:2 1:12 3:1 
90% evaporated 1:8 1:20 1:2 


three levels of evaporation (also referred to as weathering) are presented in 
Table 5.2. 

The aromatic EIP is typically the dominant pattern for gasoline, at all evapo- 
ration levels, except the highly evaporated samples (greater than 95%). As most of 
the aliphatic response comprises the more volatile components of gasoline (eluting 
before Cg), the alkane EJP can dominate in neat samples of gasoline. Note that an 
average ratio of 1:1 for unevaporated gasoline listed in Table 5.2 can be somewhat 
misleading. It only takes the concentration of one aliphatic hydrocarbon to 
approach that of toluene for the ratio to be 1:1. Typically, when the alkane EIP 
pattern does dominate over the aromatic EIP, it is due to the concentration of 
2,2,4-trimethylpentane (isooctane). 

Weathering of a petroleum product occurs when it is exposed to heat and/or 
time, causing the most volatile components to be lost by evaporation. As the liquid 
is weathered, the most volatile components are lost, and the overall ignitable liquid 
pattern shifts. The early eluting components’ relative concentration will decrease, 
while the later eluting components’ relative concentration will increase. This is 
demonstrated in Table 5.2 with the change in the average alkane-to-aromatic ratio 
based on the level of evaporation of gasoline. Most of the alkane content of gasoline 
elutes prior to octane and thus is lost through evaporation more quickly than the 
later eluting aromatic content. As such, the alkane content relative to the aromatic 
content will decrease with increasing evaporation. When gasoline is highly evap- 
orated to the point where the aromatic content is lost (see Sect. 5.2.6), heavy alkane 
content may be visible that was not previously observed. 


5.2.2 Aromatic EIP Variability 


When looking only at the response from gasoline samples, the aromatic pattern is 
relatively consistent. Reformate is the refinery stream most commonly used as the 
source for the aromatic content of gasoline. Even when the alkane EIP content 
dominates in abundance, a broad range of aromatic content is generally visible in 
the TIC. Occasionally, samples with slightly different inter-group ratios are 
encountered. Figure 5.2a, b depicts the aromatic response for “typical” unevapo- 
rated and evaporated gasoline (chromatogram a), as compared to one with low C,- 
alkylbenzene response (chromatogram b) and one with high toluene response 
(chromatogram c). As discussed in Chap. 3, interpreting the aromatic pattern is 
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Fig. 5.2. a Comparison of the aromatic EJPs of neat gasolines from Florida (A, 87-octane, and B, 
93-octane) and from Ohio (C, 93-octane). b Comparison of the aromatic EIPs of the same 
gasolines shown in a, after they were evaporated 90% by volume (weathered) 
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Fig. 5.2 (continued) 


significantly more difficult when the response from the matrix of the fire debris is 
also present in the chromatogram. 

The evaporative loss an ignitable liquid undergoes as it weathers is typically 
visible in the TIC and EJPs. In comparing Fig. 5.2a and b, the chromatographic 
effect of weathering is evident. The most volatile components of the aromatic EIP, 
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toluene and the C>-alkylbenzenes, decrease as the relative abundance of the C;3- 
alkylbenzenes increases. As such, there is an overall shift of the pattern toward the 
heavier side of the profile. This illustrates the variable appearance of a single 
ignitable liquid due to evaporation. However, it should be noted that with evapo- 
rative loss, the intragroup ratios (i.e., the ratio of peaks within the C,-alkylbenzenes 
or within the C3-alkylbenzenes) of components remain largely consistent. 


5.2.3. Alkane EIP Variability 


The alkane pattern of gasoline is highly variable. The majority of the alkane EIP 
content in gasoline elutes early in the chromatogram (before Cg) to improve the 
ability of the fuel to start a cold engine. The alkane EIP pattern is typically the 
second most abundant pattern in neat and lightly (up to 50%) evaporated samples. 
As the level of evaporation increases, early eluting alkane components are lost and 
the relative abundance of the alkane pattern decreases. In highly evaporated sam- 
ples (see Sect. 5.2.6), the PNA EIP is typically dominant and the alkane EJP in 
some gasolines may also be strong. Due to regional variation in alkane content, it is 
important for an examiner to collect gasoline samples from their region. 

In neat and lightly evaporated samples (up to about 50%), there is a pattern of 
alkanes that elutes prior to Cg. Figure 5.3 consists of a selection of samples that 
show the variability of an early eluting (pre-Cg) chromatographic pattern. Based on 
this data, the early eluting pattern between Cg and Cx appears to be the result of a 
blend of at least two refinery streams, depicted as the “+” and “o” marked peaks in 
Fig. 5.3. The “o” peaks are known as alkylate refinery stream components. The 
patterns in chromatograms A through E suggest that there is a continuum of 
abundances for the alkylate stream group (strongest in chromatogram A) relative to 
the group marked with a “+” (strongest in chromatogram E). The relative abun- 
dance of the alkylate stream compounds appears somewhat independent of the 
abundance of the normal alkanes (marked on the vertical lines), although the normal 
alkanes may be a part of the “+” group. Further discussion on the early eluting 
alkane pattern is provided in Sect. 5.2.5. 

In more weathered samples, the alkane content above Cg can aid in the identi- 
fication of gasoline. The variability in the alkane pattern above Cg is mainly based 
on the relative differences in abundance of the normal alkanes and branched alkanes 
within the pattern, as seen in the alkane EJPs in Fig. 5.4. In the top chromatogram 
of Fig. 5.4 (#16), the normal alkanes dominate, while the branched alkanes are 
present at much lower abundance, similar to a distillate pattern. The alkane profiles 
lower in Fig. 5.4 show a decrease in normal alkane content relative to the branched 
content. In the bottom chromatogram of Fig. 5.4 (#21), the normal alkanes are 
greatly reduced, while the branched alkanes dominate. It is important to note that 
unless the distillate or isoparaffinic pattern stands out in the TIC above the broad 
aromatic pattern, it should be considered as part of the global gasoline pattern. 
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Fig. 5.3. Variability in the early alkane pattern, as observed in neat (unevaporated) gasolines. 
All marked peaks are branched alkanes; “O” indicates a known alkylate refinery stream 
component. Peak in chromatogram A marked with “*”, just before heptane, is 
2,2,4-trimethylpentane (isooctane). Chromatogram a is a 93-octane gasoline from Florida; b is a 
93-octane gasoline from Ohio; ¢ is an 87-octane gasoline from Delaware; d is an 87-octane 
gasoline from Ohio; and e is an 87-octane gasoline from Ohio 
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Fig. 5.4 Variability in the alkane EIP in 90% evaporated gasolines [5, Fig. 2]. Chromatogram 
#16 is an 87-octane gasoline from Ohio; #13 is an 87-octane gasoline from Ohio; #4 is an 
89-octane gasoline from Florida; #6 is an 87-octane gasoline from Florida; and #21 is a 93-octane 
gasoline from Florida 
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5.2.4 Indane EIP Variability 


The abundance of the indane EIP pattern in all but highly evaporated gasolines is 
relatively low compared to the aromatic and alkane abundances. As the level of 
evaporation increases, the prominence of the indane pattern increases. 

While ASTM E1618-14 does not require that the indane pattern be reviewed, 
this pattern is characteristic of petroleum products and is quite consistent in its 
presentation when present. Figure 5.5 represents a typical indane pattern for 
neat (unevaporated) gasoline and some of the minor variability that is observed in 
these patterns. Chromatogram 5.5 (a) is a typical indane EJP for neat gasoline. 
Chromatogram 5.5 (b) is a neat sample where the response for C,-alkylindanes is 
greater than indane, and C,-alkylindanes are present (which is unusual for neat 
gasoline). Chromatogram 5.5 (c) is a sample with low levels of C,-alkylindanes. 
Since the indane pattern does not fall in the light range of gasoline, it does not vary 
much for gasoline based on the level of evaporation, except when the gasoline is 
evaporated over 95%. 


5.2.5 Other Patterns of Interest 


The blending of various refinery streams, such as the isomerate, alkylate, naphtha, 
catalytically cracked naphtha, and pyrolysis gasoline (pygas) after hydrotreatment, 
can be the source of the alkane pattern discussed in Sect. 5.2.3. It has been sug- 
gested by Hendrikse et al. that the presence of alkylate and pygas refinery streams 
can be identified and used as supporting evidence in the identification of a 
refinery-based product (such as gasoline or aviation gas) [7, 8]. 

The alkylate refinery stream consists largely of branched alkanes. The extracted 
ion chromatograms (EICs) for the individual ions of m/z 57 and 71 can be utilized 
to identify the alkylate refinery stream [7, 8]. As previously discussed, chro- 
matogram a in Fig. 5.3 represents a gasoline with the presence of an alkylate 
fraction (peaks identified with an “o”), while chromatogram e represents a gasoline 
with no alkylate fraction present. Figure 5.6 shows the EICs for m/z 57 and 71 for 
these same two gasolines. The presence of the alkylate refinery stream was detected 
in at least 99% of the gasoline samples within the Netherland’s reference collection 
utilized in their study [8]. Within the 71 US gasolines that were investigated [6], 
approximately 70% showed the presence of an alkylate fraction. 

Pygas is a by-product of ethylene production and can be added to gasoline as an 
octane enhancer [7]. Pygas is another refinery stream that can be identified in 
samples by reviewing the EIC for m/z 66. Pyrolysis gasoline is hydrotreated before 
blending with gasoline, resulting in the production of, among others, tetrahydrod- 
icyclopentadiene (4H-DCPD), possibly in combination with dihydrodicyclopenta- 
diene (2H-DCPD) and the remaining presence of unreacted dicyclopentadiene 
(DCPD) if the hydrotreatment was incomplete [7]. The presence of DCPD, 
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Fig. 5.5 Variability of indane response in neat gasoline. “O” marks indane, and “+” marks the 
C,-alkylindanes. Chromatogram a is of an 87-octane gasoline from Ohio; b is of an 87-octane 
gasoline from Texas; and ¢ is of an 85-octane gasoline from Colorado 


2H-DCPD, and/or 4H-DCPD was indicated in approximately 25% of the US 
gasolines studied [6]. In 18% of the sampled US gasolines, the presence of a DCPD 
component was readily evident in the m/z 66 EIC (such as in Fig. 5.7a, b). In 
general, the majority of the gasolines from the US survey with indications of pygas 
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Fig. 5.6 Extracted ion chromatograms for m/z 57 and 71, for a gasoline that contains alkylate (a), 
the same gasoline as is shown in Fig. 5.3 (a); and a gasoline that does not contain alkylate (b), the 
same gasoline as is shown in Fig. 5.3 (b); “o” indicates a known alkylate refinery stream component 


were lower (e.g., 87 or 89) octane samples [6]. It has been suggested that the 
presence of components consistent with pygas can be used to support the identi- 
fication of a refinery product [7]. 


5.2.6 Variability in Highly Evaporated Gasolines 


As gasoline is evaporated, the aromatic profile typically remains the dominant 
profile, until about 95% evaporation. Usually, once the C3-alkylbenzenes have 
evaporated, the later eluting PNA and/or alkane contributions are most abundant. 
Variability in heavily evaporated gasolines generally stems from the ratio of these 
two EIPs. 

In a review of the data from 71 highly evaporated (98% evaporated or higher) 
US gasolines, some general trends were observed. The ratio of PNAs to alkanes in 
highly evaporated gasoline is much greater than the ratio observed in heavy pet- 
roleum distillates (neat or evaporated). In highly evaporated gasoline, the PNA: 
alkane EJP ratio is in the range of 5:1—1:5, while in heavy petroleum distillates (neat 
or evaporated), the ratio is in the range of 1:15-1:30 or more. 

Five general groups were observed within the 71 samples examined: 


1. TIC dominated by C,-alkylnaphthalenes, with alkane content, possibly with 
n-Cj3 visible in the TIC (Fig. 5.8). The pattern in the alkane EIP is similar to a 
distillate. This response is similar to the average gasoline residue pattern 
reported by Sandercock [9]. 
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Fig. 5.7. Extracted ion chromatogram for m/z 66, indicating the presence of the pygas refinery 
product with DCPD, 2H-DCPD, and 4H-DCPD in neat, unevaporated gasolines (a—87-octane 
from Florida, b—87-octane from Texas, and c—87-octane from Texas) and the presence of all 
three in a 90% evaporated gasoline (d—87-octane from South Carolina) 
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Fig. 5.8 Example of a highly evaporated gasoline dominated by C,-alkylnaphthalenes, in an 
89-octane gasoline from Florida, evaporated over 99% 
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Fig. 5.9 Example of a highly evaporated gasoline dominated by C,- and C,-alkylnaphthalenes, 
in an 87-octane gasoline from Ohio, evaporated over 99% 
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Fig. 5.10 Example of a highly evaporated gasoline dominated by C>-alkylnaphthalenes, with 
unresolved alkanes, in an 87-octane gasoline from Delaware, evaporated over 99% 
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Fig. 5.11 Example of a highly evaporated gasoline dominated by an unresolved envelope, in a 
91-octane gasoline from California, evaporated over 99% 
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Fig. 5.12 Example of a highly evaporated gasoline dominated by a paraffinic response with 
substituted naphthalenes also present, in an 87-octane gasoline from South Carolina, evaporated 


over 99% 
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Fig. 5.13. Example of a highly evaporated gasoline that would be difficult to differentiate from a 


heavy petroleum distillate, in an 85-octane gasoline from Colorado, evaporated over 98% 
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2. TIC dominated by C,- and C,-alkylnaphthalenes, with alkane content that may 
be visible in the TIC (Fig. 5.9). The pattern in the alkane EIP is somewhat 
similar to a distillate. 

3. TIC dominated by C,-alkylnaphthalenes, with an unresolved envelope of alkane 
content (Fig. 5.10). 

4. TIC that is mostly described as an unresolved envelope, with (usually) dominant 
alkane content in the alkane EIP that mirrors the TIC (Fig. 5.11). 

5. TIC dominated by alkane content with characteristics similar to a distillate and 
substituted naphthalenes also present, which may or may not be readily evident 
in the TIC (Fig. 5.12). 


It is important to note that these five patterns are general trends, but are not all 
encompassing of all evaporated gasolines. For example, one of the highly evapo- 
rated gasolines in the US study [6] could be correctly identified as a heavy petroleum 
distillate (Fig. 5.13). The PNA: alkane EIP ratio was 1:10, and the pattern eluted late 
enough that there was no useful information in the aromatic or indane ratios. 


5.2.7 Additional Gasoline Resources 


Additional examples of gasoline can be found in various references [6-13]. Three 
of these are gasoline surveys, summarizing the data of relatively large samplings of 
gasolines with various points of focus [6, 9, 13]. These surveys also include samples 
that exhibited unusual characteristics for which the discussions and level of detail 
were beyond the scope of this text. 

Additionally, the International Database of Ignitable Liquids [14] contains 15 
gasolines, most of which were considered to be atypical representations of gasoline 
from their respective points of origin. For those outside of North America, the 
International Database also provides a resource of examples of products that contain 
ignitable liquids that are available in other parts of the world. 


5.3. Use of the Descriptors Light, Medium, and Heavy 


ASTM E1618-14 describes the division of all nongasoline classes into light, 
medium, and heavy subclasses based on carbon range [5]. The carbon ranges for 
light, medium, and heavy are Cy—Co, Cg—Cj3, and Co—C29,, respectively. Some 
examiners only use the light, medium, and heavy descriptors in relation to petro- 
leum distillates, while others utilize the descriptors for all classes except gasoline. 
In order to include more information about the identification of an ignitable liquid 
in case notes, discussions, and reports, the use of the subclass descriptors should be 
considered good practice and is utilized throughout the rest of this chapter. 
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5.4 Petroleum Distillates 


Petroleum distillates are generally recognizable by their Gaussian distribution of 
normal alkanes in the TIC (see Chap. 2). Petroleum distillates contain normal 
alkanes, branched alkanes, cyclic alkanes, aromatic compounds, and polynuclear 
aromatic compounds. The presence and abundance of these compounds vary 
between the subclass of light, medium, and heavy. Within each subclass, there is 
variation in features such as the carbon range, extent of symmetry in the distribution 
of normal alkanes, relative concentration of branched alkanes to normal alkanes, 
and the relative concentration of aromatic content to alkane content. The relative 
abundance between compound classes is not always apparent in the TIC. 
Comparison of relevant extracted ion profile (EIP) abundances provides a means of 
determining the relative ratios. 


5.4.1 Light Petroleum Distillates (LPDs) 


LPDs may not always exhibit the recognizable Gaussian normal alkane pattern nor 
contain many aromatic compounds compared to MPDs and HPDs [5]. This is due 
to the small carbon range of low molecular weight compounds. Figure 5.14 shows 
two LPDs that predominantly contain branched, cyclic, and normal alkanes. 
However, the branched alkanes in LPD (a) are more abundant than LPD (b) as 
demonstrated in the alkane EIP. LPD (a) contains toluene, ethylbenzene, m-xylene, 
and o-xylene, whereas LPD (b) does not contain any aromatic compounds and is 
considered to be “de-aromatized.” In addition, LPD (a) shows a relatively narrow 
range, whereas LPD (b) spans a wider carbon range. 


5.4.2. Medium Petroleum Distillates (MPDs) 


Medium petroleum distillates typically have a symmetrical Gaussian pattern of 
normal alkanes. The relative abundances of aromatic compounds to alkanes are a 
major type of variation between MPDs. Aromatic compounds that elute in the 
medium carbon range include C-, C3-, and Cy-alkylbenzenes and the PNA 
naphthalene. Another type of variation is the relative abundances of branched 
alkanes to the normal alkanes. In addition, there is variation in the breadth of the 
carbon ranges and in the symmetry of the chromatographic patterns. Figure 5.15 
demonstrates the variation between three MPDs. MPD (a) is an example of a classic 
MPD with a Gaussian pattern consisting of three to four normal alkanes with a 
lower abundance of branched alkanes. MPD (b) has a narrow carbon range, a lower 
abundance of aromatic compounds, and a branched alkane as a major peak. MPD 
(c) has a wide carbon range and an asymmetric chromatographic profile. 
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Fig. 5.14 Comparison of two light petroleum distillates. Both contain similar abundances of 
normal alkanes; however, their branched alkane and aromatic content are not the same. LPD 
a contains toluene, ethylbenzene, m/p-xylene, and o-xylene, whereas LPD b does not contain any 
aromatic compounds 


Figure 5.16 compares a classic petroleum distillate (a) to a dearomatized pet- 
roleum distillate (b). Visual comparison of the TICs indicates some differences 
between the two MPDs; however, the EIPs provide a clearer indication of the 
differences. MPD (a) contains C3- and Cy4-alkylbenzenes at a typical abundance for 
distillates. MPD (b) contains the same aromatic compounds, but the abundances are 
an order of magnitude lower than in the classic distillate. Evaluation of the alkane 
EIPs indicates that the relative concentration of branched alkanes to normal alkanes 
is greater in (a) compared to (b). Despite differences in aromatic content, branched 
alkane content, and carbon range, all of the ignitable liquids in Figs. 5.15 and 5.16 
are considered MPDs. 
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Fig. 5.15 Total ion chromatograms of medium petroleum distillates with variations in carbon 
range, symmetry of chromatographic profiles, and relative chemical composition. MPD (a) has a 
classical chemical composition and chromatographic pattern. MPD (b) has a narrow carbon range, 
an indication of a lower abundance of aromatic compounds and a branched alkane as a major peak. 
MPD (c) has a wide carbon range and an asymmetric chromatographic profile. Numbers represent 
normal alkanes, * represent branched alkanes, and o represent aromatic compounds 
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Fig. 5.16 Comparison of two medium petroleum distillates. Both contain similar abundances of 
normal alkanes; however, their branched alkane and aromatic content is not the same. The relative 
concentration of branched alkanes to normal alkanes is greater in (a) compared to (b). MPD 
(a) contains C3- and C4-alkylbenzenes at a typical abundance for distillates. MPD (b) contains the 
same aromatic compounds, but the abundances are low for a typical distillate 


5.4.3 Heavy Petroleum Distillates (HPDs) 


As with MPDs, heavy petroleum distillates typically have a Gaussian distribution of 
normal alkanes in the TIC. Much of the variation within the HPD class is associated 
with the diverse spread in the carbon ranges. The Ignitable Liquids Reference 
Collection (ILRC) database contains 69 HPDs [11]. The broadest carbon range 
contains nineteen normal alkanes (n-octane to n-hexacosane), and the narrowest 
contains four normal alkanes (n-undecane to n-tetradecane). The most common 
carbon range in the ILRC is n-octane to n-heptadecane. Other types of variation are 
the symmetry of the TIC pattern, relative concentration of branched alkanes to 
normal alkanes, and the relative concentration of aromatic compounds to alkanes. 
Examples of these variations are shown in Fig. 5.17. HPD (a) has a broad carbon 
range with a symmetric chromatographic pattern. HPD (b) has a narrow carbon 
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Fig. 5.17 Total ion chromatograms of heavy petroleum distillates with variations in carbon range, 
symmetry of chromatographic profiles, and relative chemical composition 
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range with a symmetric chromatographic pattern. HPD (c) has a typical carbon 
range with an asymmetric chromatographic pattern. 

Depending on the carbon range, HPDs contain the same aromatic compounds as 
the MPDs and may contain C,- and C>-alkyl-substituted naphthalenes PNA. Again, 
the relative abundance of aromatic content to alkane content is a type of variation 
within the subclass. Figure 5.18 demonstrates the variability in carbon range and 
aromatic content of HPDs. HPD (a) has a carbon range from n-octane to 
n-hexacosane and contains a relative abundance of C3- and Cy,-alkylbenzenes 
(aromatic compounds) to alkanes typical of distillates. HPD (b) has a carbon range 
from n-decane to n-hexadecane, and even though there is a pattern in the aromatic 
EIP, there were no aromatic compounds identified. HPD (c) has a carbon range 
from n-nonane to n-hexadecane with the C3-alkylbenzenes visible in the TIC. HPD 
(c) has a higher abundance of aromatic compounds to alkanes than a and b. 
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Fig. 5.18 Comparison of three heavy petroleum distillates. HPD (a) has a typical relative 
abundance of alkanes to aromatics for distillates. HPD (b) contains no aromatic compounds even 
though there is a pattern. HPD (c) has a higher abundance of aromatic compounds (within the 
circled area) than alkanes 
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5.5 Naphthenic—Paraffinic Products 


Naphthenic-paraffinic (NP) products predominantly contain branched and cyclic 
alkanes, as discussed in Chap. 2. While NP products may contain normal alkanes, 
they are usually in lower abundance compared to the other alkanes. If aromatic 
compounds are present, they will be a minor constituent. Naphthenic—paraffinic 
products are mainly in the medium and heavy carbon ranges. Slight variations 
observed in NP products are mostly due to the breadth of the carbon range and the 
relative abundance of normal alkanes compared to branched and cyclic alkanes. 
Total ion chromatograms of two heavy and one medium naphthenic—paraffinic 
products in Fig. 5.19 demonstrate some of the variability within the class. NP 
(a) and NP (b) have the same carbon range of n-nonane to n-pentadecane (heavy); 
however, (a) does not contain any normal alkanes whereas (b) contains three normal 
alkanes. The n-undecane in NP (c) is the second most abundant compound; how- 
ever, other major peaks are either branched or cyclic alkanes. The normal alkanes 
present in (b) and (c) are less abundant compared to a distillate with a similar 
carbon range. 

As shown in Fig. 5.19, the patterns of heavy NP products appear as unresolved 
envelopes. The alkane EJPs as shown in Fig. 5.20 are helpful in visualizing the 
alkane patterns and estimating the abundance of normal alkanes, if present. 


5.6 Isoparaffinic Products 


Isoparaffinic products are composed solely of branched alkanes (see Chap. 2). 
Figure 5.21 contains TICs of a light (a), medium (b), and heavy (c) isoparaffinic 
product demonstrating the variation within this class. The number of branched 
alkanes increases with molecular weight and is due to the increase in the number of 
possible isomers. As the number of branched alkanes increases, the ability to 
resolve them decreases, which results in the appearance of an unresolved chro- 
matographic pattern. 


5.7. Normal Alkane Products 


Normal alkane products are composed exclusively of normal alkanes (see 
Chap. 2). Normal alkanes are mainly in the medium and heavy carbon ranges. 
Variation within this class is minimal given the simplicity of the chemical com- 
position. The variation observed is mainly in the number of the normal alkanes 
present and their relative abundance to one another as shown in Fig. 5.22. 
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Fig. 5.19 TIC comparison of two heavy and one medium naphthenic—paraffinic products. NP 
(a) does not contain any normal alkanes, NP (b) contains four normal alkanes, and NP (c) contains 
three normal alkanes 
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Fig. 5.20 Alkane EIPs of NP products in Fig. 5.19. NP (a) does not contain any normal alkanes, 
NP (b) contains four normal alkanes, and NP (c) contains three normal alkanes 
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Fig. 5.21 Total ion chromatograms of a light (a), medium (b), and heavy (c) isoparaffinic product 
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Fig. 5.22 Total ion chromatograms of two normal alkane products with different normal alkane 


compounds 
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Fig. 5.23 Total ion chromatograms of a light-medium (a), light (b), medium (ec), and heavy 
(d) aromatic product 


5.8 Aromatic Products 


Aromatic products contain exclusively aromatic and/or polynuclear aromatic 
compounds depending on the carbon range (see Chap. 2). Most light aromatic 
products contain toluene and/or C,-alkylbenzenes. Medium aromatic products can 
contain combinations of C -alkylbenzenes, C3-alkylbenzenes, C,4-alkylbenzenes, 
naphthalene, and methylnaphthalenes. Aromatic products with narrow carbon 
ranges typically contain a single group, such as the C3-alkylbenzenes; those with 
larger carbon ranges contain several groups such as C>-, C3-, and C4-alkylbenzenes. 
Heavy aromatic products are less common and contain exclusively polynuclear 
aromatic compounds. In Fig. 5.23, (a) is a light-to-medium aromatic product that 
contains toluene, Cj-, C3-, and C,-alkylbenzenes. Typically, the breadth of the 
aromatic pattern differentiates gasoline from aromatic products; however, in this 
particular case, the absence of alkanes differentiates this aromatic product from 
gasoline. Aromatic product (b) is a typical light aromatic product containing 
C,-alkylbenzenes. The medium aromatic product (c) contains C3-alkylbenzenes, 
C,-alkylbenzenes, naphthalene, and C,-alkylnaphthalenes. The most abundant com- 
pounds in the heavy aromatic product (d) are polynuclear aromatic compounds con- 
sisting of naphthalene, C,-alkylnaphthalenes, and C-alkylnaphthalenes. 
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5.9 Oxygenated Solvents 


Oxygenated solvents contain one or more oxygenated compounds of significant 
abundance and may include other compounds or products (see Chap. 2). 
Oxygenated compounds typically identified in ignitable liquids include alcohols, 
ketones, and esters [5]. Other oxygenated compounds such as aldehydes and 
phenols are identified in fire debris but originate from the matrix as discussed in 
Chap. 3. 

Since the identification of a major constituent as an oxygenated compound is the 
main criteria to classify an ignitable liquid as an oxygenated solvent, there is the 
potential for a considerable amount of variation. Some oxygenated solvents contain 
exclusively oxygenated compounds, some contain a handful of compounds 
including an oxygenated compound, and some contain an oxygenated compound(s) 
with an ignitable liquid of another classification, as shown in Fig. 5.24. Oxygenated 
solvent (a) is solely composed of oxygenated compounds. Oxygenated solvent 
(b) contains several oxygenated compounds and a mixture of various other com- 
pounds. Oxygenated solvent (c) contains a medium aromatic product and a single 
oxygenated compound. Laboratory protocols will vary as to how to approach the 
interpretation and reporting of debris that appears to contain a mixture that includes 
an oxygenate(s). 


5.10 Miscellaneous 


For ignitable liquids that do not meet the criteria of a specific classification, there is a 
miscellaneous category. Ignitable liquids typically categorized as miscellaneous 
typically fall into three categories: (1) those that are not petroleum-based such as 
turpentine and plant-based oils; (2) those with characteristics of more than one class; 
and (3) those that are characteristics of a class, but contain a significant contribution 
from a single compound not characteristic of the class. Figure 5.25 demonstrates by 
comparison of TICs and chemical composition only a few examples of the variation 
found in the miscellaneous category. There is substantial variation of the ignitable 
liquids in the miscellaneous category. Ignitable liquids (a) and (c) are turpentine and 
orange oil, both examples of natural nonpetroleum-based ignitable liquids. Ignitable 
liquid (b) is an example of a blended product containing an aromatic product and a 
heavy petroleum distillate. Ignitable liquid (d) is a heavy petroleum distillate with 
limonene. There are many possible variations to the blended miscellaneous products. 
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Fig. 5.24 Total ion chromatograms of three oxygenated solvents. Oxygenated solvent (a) contains 
only oxygenated compounds; (1) acetone, (2) 2-butanone, (3) 2-pentanone, (4) methyl isobutyl 
ketone, (5) butyl acetate, and (6) 3-ethoxy ethyl ester propionic acid. Oxygenated solvent (b) is a 
mixture of oxygenated compounds and a mixture of various other compounds; (1) ethanol, 
(2) methylcyclohexane, (3) 1,3-dimethylcyclohexane, (4) 1-butoxy-2-propanol, (5) dipropylene 
glycol methyl ether isomers, (6) limonene, and (7) 2-phenoxyethanol. Oxygenated solvent 
(c) contains a medium aromatic product with 2-butoxyethanol; (1) 2-butoxyethanol, (2) m, 


p-ethyltoluene, (3) 1,2,4-trimethylbenzene, and (4) 1,2,3-trimethylbenzene 
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Fig. 5.25 Total ion chromatograms of four ignitable liquids categorized as miscellaneous. 
Ignitable liquids (a) and (c) are examples of nonpetroleum-based products: turpentine (a) and 
orange oil (c). Ignitable liquid (a) contains (1) alpha-pinene, (2) beta-pinene, (3) limonene, and 
(4) anisole. Ignitable liquid (c) contains (1) alpha-pinene, (2) beta-pinene, and (3) limonene. 
Ignitable liquid (b) is a blended product of an aromatic product and a heavy petroleum distillate 
that contains (1) m,p-ethyltoluene, (2) 1,2,4-trimethylbenzene, (3) n-undecane, (4) n-dodecane, 
(5) n-tridecane, (6) n-tetradecane, and (7) n-pentadecane. Ignitable liquid (d) is a medium 
petroleum distillate blended with limonene (1) that also contains; (2) n-undecane, (3) n-dodecane, 
and (4) n-tridecane 


5.11 Conclusion 


While it is important to recognize the classic representations of each ignitable liquid 
class, it is also important to recognize the range of variation within each of the 
classes. Investigations into determining if like petroleum products from various 
sources can be differentiated from one another have been conducted [15-23], but 
discussion of this type is beyond the scope of this text. Without knowledge of the 
variation in patterns and compositions within each class, an examiner can lead to an 
overly narrow characterization in classification. The importance of a broad, con- 
tinually updated reference collection and ongoing communication between exam- 
iners is valuable. 
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5.12 Questions 


NOLES hoe 


What are the causes of variation seen within a class of ignitable liquids? 
Which two classes of ignitable liquids have the most variation? 

Explain why these two classes of ignitable liquids have the most variation. 
What types of compounds vary in petroleum distillates? 

Which class of ignitable liquids has the least variation? 

Variation is observed in the chromatographic patterns of isoparaffinic products. 
Describe the observed variation and explain why. 

What types of compounds vary the most in gasoline? 

Explain how visually identical containers of a product can have widely diver- 
gent chemical content (e.g., petroleum distillate vs. isoparaffinic product)? 
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Chapter 6 
Microbial Degradation of Ignitable 
Liquids 


Ga 


Katherine Hutches 


Learning Objectives 


e Become familiar with the effects of microbial degradation may have on 
petroleum-based ignitable liquids. 

e Understand the differences between weathering effects and microbial 
degradation. 

e Understand possible methods of mitigating microbial activity, when these 
methods are needed, and the limitations of each method. 

e Learn the effective use of comparison samples as applies to microbial activity. 


While the discussion of microbial degradation is relatively new to fire debris 
chemists, it has long been a topic of interest for environmental researchers and the 
petroleum industry. As early as 1946, Claude ZoBell documented that hydrocar- 
bons could be used by microorganisms as their single source of energy and carbon 
[1]. Initial interest from the environmental researchers focused on the effects of 
petroleum hydrocarbon mixtures on innate microbial populations, particularly in 
marine spillage events such as the sinking of the supertanker Torrey Canyon in 
1967 [1]. Numerous microbes that can metabolize petroleum hydrocarbons were 
identified in a broad array of environmental studies. More recent studies have 
expanded the range of known hydrocarbon-consuming microorganisms to include a 
wide variety of bacteria and fungi, including the well-known Penicillium species 
and the notorious Aspergillus Niger [2]. The degradation efficacy that was observed 
in environmental research was exploited by petroleum researchers who sought to 
explore the opposite effect: how microbial populations could affect the composition 
of the petroleum products, rather than how the petroleum products affected the 
microbial communities already present. This led to the concept of bioremediation, 
which is a waste management technique that uses microbes to remove (consume) 
hydrocarbons from petroleum spills on land or water. As an example, bioremedi- 
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ation was used in the aftermath of the Exxon Valdez oil spill of 1989 to speed the 
degradation of the oil that came to shore [3]. The petroleum industry and envi- 
ronmental researchers determined that various factors affected the effectiveness of 
the bioremediation. Some common factors that were found to limit the effectiveness 
of biodegradation in the aquatic and terrestrial environments are low temperature, 
low concentration of mineral nutrients, insufficient oxygen, and the abundance and 
composition of the microbial community [4, 5]. Additionally, the effectiveness was 
influenced by the chemical composition and the concentration of available hydro- 
carbons [5]. 


6.1 Microbial Degradation and Fire Debris Analysis 


In the last few decades, the fire debris community has become increasingly aware of 
the effects of microbial activity on fire debris evidence [6—10]. While the petroleum 
industry’s focus is largely on improving the efficiency of the microbial degradation, 
the fire debris community’s focus is on how the microbial degradation specifically 
affects the petroleum products in samples and, ultimately, the results of ignitable 
liquid analysis. Most of the samples that are known to be affected by microbial 
degradation are soil-based samples, though some degradation has also been 
observed on moldy building materials [11]. Considering the length of time gen- 
erally required for samples to be collected, shipped, received, and processed at the 
laboratory in conjunction with the heavy application of water to fire scenes, it is not 
unreasonable to expect some level of microbial degradation to an ignitable liquid in 
soil samples or in samples with visibly obvious biological growth. 

As discussed in Chap. 2, ignitable liquids are identified through pattern recog- 
nition and pattern comparison. The total ion chromatogram (TIC) and extracted ion 
profiles (EIPs) are examined for the presence of recognizable patterns of peaks that 
are common to various classes of petroleum products. For example, within a given 
cluster of compounds such as the C3-alkylbenzenes, the ratios of peaks (intragroup 
ratios) remain relatively consistent from one petroleum product to another. This 
enables comparison of the patterns from an unknown debris sample to patterns from 
a known petroleum product, ultimately allowing identification of an ignitable liquid 
as appropriate. In addition to intragroup comparisons, the comparison of 
between-group (intergroup) ratios, such as the ratio of the C>-alkylbenzenes to the 
C;-alkylbenzenes, is important for the identification of an ignitable liquid. 

When weathering of an ignitable liquid occurs, the most volatile components 
are lost in a predictable fashion, leaving the intragroup peak ratios relatively similar 
to those of the initial liquid (Fig. 6.1a, b). All of the peaks within a given cluster are 
still present, and the relative ratios of the compounds within most of the clusters 
remain largely unchanged. For example, the relative ratios of the three peaks in the 
C,-alkylbenzene cluster (peaks 2-4) are maintained even after evaporation to 
approximately 75%. The ratios between groups, such as the ratio between the C- 
alkylbenzenes and the C3-alkylbenzenes, will change in a predictable, reproducible 
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Fig. 6.1 Total ion chromatograms of a unevaporated (neat) gasoline; b 75% evaporated gasoline; 
c soil with added gasoline, stored at room temperature for two days 
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fashion, with the less volatile groups becoming more prominent as the more volatile 
groups are lost (see Chap. 5 for a more detailed discussion of weathering). As such, 
laboratories can generate reference ignitable liquids of different evaporation levels, 
such as 75 and 90% evaporated gasoline, to be used for pattern comparison as 
appropriate. 

In microbial degradation, the diagnostic patterns that are used for identification of 
ignitable liquids are altered more unpredictably than with weathering. Instead of 
progressive losses of entire groups based on volatility, the losses are limited to single 
compounds within groups based on the preferences of the particular microbes that 
are present in a given sample. One of the most common classes targeted by microbial 
degradation is the normal alkanes (e.g., hexane, heptane) [1, 6, 9]. Another com- 
monly degraded class of compounds in petroleum products is the monosubstituted 
alkylbenzenes (e.g., toluene, n-ethylbenzene, and n-propylbenzene). 

Figures 6.1 and 6.2 depict the qualitative differences between evaporated 
gasoline and gasoline with minor microbial degradation. For ease of comparison, 
the Cg—Cy normal alkanes are marked with letters and the major aromatic com- 
pounds are marked with numbers in both figures. In the evaporated gasoline (b), the 
diagnostic patterns are readily identifiable and intragroup ratios are maintained. 
Conversely, the intragroup ratios of compounds are beginning to change after only 
two days of exposure to soil (c). The monosubstituted aromatics (labeled 1, 2, 
and 5) are diminished relative to their neighbors (labeled 3, 4, and 6) in Fig. 6.1. 
Similarly, the normal alkanes (labeled a, b, c, d) are slightly diminished compared 
to their neighbors in Fig. 6.2. 

At least two microbial species have been identified as likely being responsible 
for the microbial degradation of ignitable liquids in soil samples analyzed for 
ignitable liquids [7]. The first of the species identified in fire debris samples, 
Pseudomonas putida, has been credited with the consumption of monosubstituted 
alkylbenzenes. The second, Pseudomonas fluorescens biovar ITI, has been credited 
with the consumption of the normal alkanes. It is important to note that while each 
particular microbial species has a preferred type of chemical as a carbon source, 
the microbes may also adapt to consume whatever chemical compounds are 
available, provided that it has the proper metabolic pathways available [12]. This 
potential for variability by the same microbial species underscores the difficulty in 
predicting the types of losses that can be expected to occur due to microbial 
degradation. 

Interestingly, the rate of loss for a given molecule is not only related to the 
chemical class to which it belongs (alkane, aromatic, etc.) and the microbial species 
involved, but also the length, extent, and even position of the branching of the 
molecule [10]. While normal alkanes are generally considered to be relatively easily 
consumed (depending on the microbial community), branched alkanes have shown 
to be more resilient against microbial degradation [4, 9]. Methyl branching is 
known to generally increase the resistance of a given alkane to microbial degra- 
dation [1]. To explain this effect, it is necessary to touch on how normal alkanes are 
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Fig. 6.2 Alkane extracted ion profiles of a unevaporated (neat) gasoline; b 75% evaporated 
gasoline; ¢ soil with added gasoline, stored at room temperature for two days 


metabolized by microbes. The degradation of normal alkanes generally begins with 
hydroxylation at one end, resulting in the formation of a primary alcohol, as shown 
in Fig. 6.3 [1, 4, 13]. This is one of the reasons that caution should be exercised 
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Fig. 6.3 Degradation mechanisms for aliphatic hydrocarbons (left) and aromatic hydrocarbons 
(right). Nicotinamide adenine dinucleotide (NAD*) is a coenzyme that is necessary for both 
degradation mechanisms; NADH is the reduced form of NAD* [14] 


when considering whether to report the presence of an alcohol in evidence—the 
alcohol may not have been added to the substrate by a human, but may be the result 
of microbial degradation or combustion/pyrolysis. 

Further metabolism of the normal alkanes can result in oxidation to formalde- 
hydes and carboxylic acids, which are not typically compounds of interest to the fire 
debris examiner. Aldehydes will also be readily apparent when the evidence is first 
opened in the form of a very unpleasant odor. 
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The next step in the metabolism of alkanes, not shown in Fig. 6.3, is B-oxidation 
of the carboxylic acid in Fig. 6.3. B-oxidation converts the a-B bond in the car- 
boxylic acid to a double bond; this desaturation is greatly affected by the presence 
of branching in the B position and adjacent sites. As such, alkanes with branching 
are less likely to be degraded than normal alkanes, which do not have branching at 
these sites. The degradation of cyclic alkanes is similarly affected by the extent of 
branching and increasing chain length of alkyl substitution. Cyclic alkanes, how- 
ever, are generally resistant to microbial degradation [15]. 
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Fig. 6.4 (Top) Rates of consumption of aliphatic hydrocarbons in Shellite (light petroleum 
distillate) exposed to P. fluoroscens biovar III. (Bottom) Rates of consumption of aromatic 
hydrocarbons in gasoline exposed to P. putida. Adapted with permission from Kirkbride et al. [7] 
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The mechanism for the degradation of aromatic compounds is somewhat dif- 
ferent. The degradation normally involves the addition of oxygen across one of the 
nominal double bonds, resulting in a cis-diol; the benzene-based diol is catechol [4, 
16]. The aromatic ring is subsequently cleaved to form a dienedoic acid. The 
precise manner in which the diol is formed and the cleavage achieved varies widely 
between organisms. Regardless of the mechanism(s), however, increasing substi- 
tution has generally been observed to inhibit initial oxidation of the aromatic 
molecule, as was observed with aliphatic molecules. Kirkbride et al. observed that 
substitutions larger than a methyl group slowed the degradation of substituted 
aromatic compounds by P. putida [7]. As the length of the substitution increased, 
the rate of consumption decreased, as seen in Fig. 6.4. There is an interesting 
exception to the general rule about the extent of branching slowing the degradation 
of aromatic compounds. In the first fire debris paper regarding microbial degra- 
dation, Mann and Gresham also noticed that 1,2,4-trimethylbenzene was also 
consistently a target of microbial degradation, despite the extensive branching 
present in the alkyl group [6]. 

There was also an observable difference between the rates of degradation 
between the two species of microbes observed in Kirkbride’s study, as seen in 
Fig. 6.4. The degradation of the aromatics by P. putida (plotted in hours) was much 
more rapid than the degradation of the aliphatics by P. fluorescens biovar II 
(plotted in days), with approximately 50% of C,—C3 singly substituted alkylben- 
zenes lost within 1-2 days of exposure, compared to the 2—3 days required for 
similar loss of Cs—Cg normal alkanes. 


6.2 Microbes and Ignitable Liquid Classification 


Given the selective manner in which the microbes consume particular compounds 
within ignitable liquids, it is not surprising that different ignitable liquids are 
affected to different extents by microbial degradation. 

The most commonly identified ignitable liquid in fire debris is gasoline [17], 
which is predominantly comprised of substituted aromatic compounds with lesser 
aliphatic content. As discussed in Chaps. 2 and 5, the aliphatic content can include 
variable abundances of normal, branched, and cyclic alkanes. When looking at a 
chromatogram, the aliphatic patterns are generally well below the abundance of the 
aromatic patterns, with the exception of the light end of unevaporated gasolines. As 
such, the effects of microbial degradation are generally most visible in the pre- 
dominant aromatic patterns in the TIC. 

In gasoline, the monosubstituted alkylbenzenes, which include toluene, ethyl- 
benzene, and propylbenzene, are typically most affected by microbial degradation. 
Depending on the bacterial population, there may also be losses of the m-, 
p-xylenes, and 1,2,4-trimethylbenzene, but the monosubstituted alkylbenzenes are 
generally the first and most noticeable aromatic compounds to be lost [6, 9, 11, 18]. 
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Fig. 6.5 Soil with added gasoline, stored at room temperature for zero days, two days, and seven 


days. A slight reduction in the monosubstituted alkylbenzenes is evident as early as two days after 
exposure 


These losses will generally be visible in the TIC and in the aromatic EIP, as seen in 
Figs. 6.5 and 6.6. Similar trends have been observed with aromatic products [18]. 

More subtle losses may also be apparent in the alkane EIP, where the normal 
alkanes will be reduced from the neat liquid. Given the broad variability in alkane 
content between gasolines and the general lack of neat liquid samples for most 
cases, aliphatic losses may not be readily apparent. 
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Fig. 6.6 Alkane EIP of soil with added gasoline, stored at room temperature for zero days, two 
days, and seven days 


Petroleum distillates, particularly the medium- and heavy-range petroleum dis- 
tillates, are also potentially susceptible to microbial degradation due to the pre- 
dominate pattern of normal alkanes, as seen in Fig. 6.7. With the loss of the normal 
alkanes, all that is left may be a poorly resolved envelope of branched and cyclic 
alkanes—which are key indicators of a naphthenic—paraffinic product (along with a 
lack of aromatic content; see Chap. 2)—and may lead to a different classification 
than the original liquid. If the original distillate was not dearomatized, then the 


aromatic groups may or may not also be affected by the microbial degradation as 
discussed above for gasoline. 
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Fig. 6.7 Soil with added heavy petroleum distillate (HPD), stored at room temperature. 
a Zero-day exposure. b One-day exposure 


Some petroleum-degrading microbes have been found to prefer a very narrow 
range of normal alkanes in petroleum distillates [19]. In Goodpaster and Turner’s 
study, it was observed that the normal alkanes in the C,;_;5 range were degraded 
more severely than those in the C;6_29 range [9]. It should be noted, however, that 
this trend was noted within heavy petroleum distillates, which have the most 
abundance normal alkanes in this range. In general, it is accepted that normal 
alkanes between C,9 and Cj, will be relatively easily degraded [4, 13]. There may 
also be a preference for the degradation of normal alkanes with even carbon 
numbers over those with odd carbon numbers, but this may not be readily 
observable in the TIC or alkane EIP [9, 20]. 

Contrary to what would be expected, normal alkane products appear to survive 
relatively intact despite exposure to microbial degradation [18]. A recent study 
showed that while there are slight changes in the ratios between peaks, the overall 
pattern was largely retained, despite ample normal alkane degradation of petroleum 
distillates prepared in the same soil. This may be due to the relatively higher 
concentration of the normal alkanes in the normal alkane product than in the 
distillates. As such, preferences by any bacteria present were not observable. 

Naphthenic—paraffinic products appear to be generally unaffected by microbial 
degradation [10, 18]. Some naphthenic—paraffinic products will have a low abun- 
dance of normal alkanes. As expected, the normal alkanes are the first compounds 
to be lost by microbial degradation. The remaining compounds, however, are 
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relatively resistant to degradation, which is not surprising given that naphthenic— 
paraffinic products are composed primarily of cyclic and branched alkanes, each of 
which is known to resist degradation. 

Isoparaffinic products show slightly more degradation than naphthenic—paraf- 
finic products [18]. The long-chain, less branched alkanes are lost more rapidly than 
shorter chains of similar branching, which is predictable given the monoterminal 
hydroxylation step shown in Fig. 6.3. The long-chain alkanes may be branched at 
one end, but with increasing length the opposite end appears more similar to a 
normal alkane, potentially rendering it vulnerable to microbial degradation. While 
each of these products suffers some loss of the less-substituted alkanes, such as 2- 
and 3-methylalkanes, the losses are much less drastic than the losses observed in 
gasoline and petroleum distillates. 


6.3 Other Factors Affecting Microbial Degradation 


While microbial degradation may be a concern in biologically active samples such 
as soil or moldy building materials, there are steps that can be taken to mitigate this 
microbial degradation. By understanding factors that can affect microbial degra- 
dation, investigators and examiners can potentially slow the degradation of igni- 
table liquids. 


6.3.1 Mitigating Microbial Degradation 


One of the main factors affecting the rate of microbial degradation of 
petroleum-based ignitable liquids is temperature. While degradation of petroleum 
products can occur at sub-zero temperatures, the rate of degradation at low tem- 
peratures is generally far slower than the rate of degradation at higher temperatures 
[4, 6]. As such, laboratories should recommend that soil and moldy evidence be 
frozen or chilled when not actively being transported to minimize further microbial 
activity. Once the samples are received at the laboratory, they should be chilled 
unless they are being immediately analyzed to help prevent any further degradation. 
Figure 6.8 demonstrates the effectiveness of chilling soil samples; in the unrefrig- 
erated samples, there are losses to the singly substituted alkylbenzenes (*) begin- 
ning on Day 2, and characteristic patterns are lost by Day 7 when unrefrigerated. 

Interestingly, this temperature trend does not directly translate to the degradation 
observed in soil based on season. In a study involving three separate soil types, it 
was observed that more severe degradation occurred during the winter months than 
in the summer months [21]. While this seems counterintuitive, it is important to 
remember that there is an upper temperature limit for bacteria to thrive. In summer, 
this limit was exceeded for most of the bacteria. Additionally, during the summer 
that this study was conducted, it was unusually dry, and moisture is an essential 
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Time (min) Time (min) Time (min) 


Fig. 6.8 Soil with added gasoline stored at room temperature (left), refrigerated (middle), and 
with oxygen-absorbing pouch (right). Monosubstituted alkylbenzenes (*) 


component in microbial activity. No particular trends specific to petroleum 
degradation have been published, however. Finally, other nutrients in the soil such 
as nitrates were found to vary with season, either due to the addition of commercial 
fertilizers or the breakdown of nearby organic material. The presence or absence of 
these nutrients can also play a role in the activity of microbes. 

Another factor affecting microbial activity is the presence or absence of oxygen. 
All previous discussion has involved aerobic degradation, which is degradation in 
the presence of oxygen. Even a sealed can, which is common with fire debris 
evidence, is an aerobic environment due to the amount of oxygen present within the 
can at the time of sealing. An anaerobic environment is an environment with little to 
no oxygen. While anaerobic degradation of petroleum products can occur [15, 19, 
22, 23], the rate and extent of the degradation are less than in aerobic environments 
and depend greatly on the availability of certain nutrients, such as nitrates and 
sulfates [4, 5, 22]. Research has been conducted to determine if removal of oxygen 
would significantly slow microbial degradation in soil samples submitted for 
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ignitable liquid analysis, as an alternative to chilling the samples [24]. Initial testing 
used commercially available carbon dioxide cartridges to displace the oxygen, but it 
was insufficient to prevent microbial degradation and carried the risk of contami- 
nation from the cartridge itself. Limited successful tests with oxygen-absorbing 
pouches, however, suggest a potential viable method for mitigating microbial 
degradation if cold temperatures are not available (Fig. 6.8). 

Another method of mitigation that has been presented is the application of a 
pre-made solution of triclosan, a known antimicrobial agent in a variety of 
household products [25]. This treatment requires extensive application of 1.8% 
triclosan in 0.1 M NaOH, at a ratio of approximately 3 milliliters of solution for 
every 5 grams of soil. While this method was proven effective at negating microbial 
activity in soil samples, there are also concerns regarding potential contamination 
and corrosion, especially because there will be extensive moisture in metal cans for 
extended periods. Additionally, this treatment method requires an extensive volume 
of pre-made solution, which fire investigators will likely have prepared by a lab- 
oratory rather than having on-hand. Furthermore, triclosan has already been banned 
from consumer soaps and antiseptic products in the USA, following a ruling by the 
Federal Drug Administration that triclosan was not generally recognized as safe and 
effective, making purchase of this compound relatively difficult [26, 27]. 


6.3.2 Variation in Soils 


Different soils can have drastically different rates and specificities of degradation of a 
given ignitable liquid, likely due to differences in the microbial communities, 
available nutrients, moisture content, etc. For example, Fig. 6.9 shows a visible 
difference in the degradation rates and patterns of gasoline on two different soils. The 
broad variability between the degradation rates and even preferential degradation of 
various soils emphasizes the need for comparison soil samples when attempting to 
evaluate questioned soil samples. While general trends have been described above, 
the simplest way to determine whether microbial degradation could be responsible 
for the pattern observed in a case sample is to spike a small portion of a comparison 
soil sample with ignitable liquid in an attempt to recreate the pattern. 


Comparison Soil Samples 

Soil samples should be collected at the same time as the questioned soil 
samples. If microbial degradation is suspected, a subsection of the com- 
parison soil sample can be spiked with an aliquot of a reference of the 
suspected original ignitable liquid class and left at room temperature for an 
extended period of time (depending on the circumstances of the case). The 
resulting pattern can be compared to the questioned sample to see if an 
identification can be made. 
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(a) 


(b) 


Time (min) 


Fig. 6.9 Two different gasoline-spiked soils, three weeks after exposure. The topsoil has visible 
degradation of toluene and ethylbenzene, but the C3- and Cy-alkylbenzene groups are unaffected 
and could easily be identified as gasoline. The bottom soil has extensive degradation with little 
indication of gasoline ever having been present 


The comparison soil needs to be roughly similar soil. In regions with a great deal 
of variability in soil types within short distances, or in areas with mixed land- 
scaping, it is very important that the soil is collected in a proximal area and is, at a 
minimum, visually comparable in texture and color. If a sample is collected from a 
planted flowerbed with clearly amended soil, a comparison sample should not be 
taken from the rather rocky, clearly unamended soil across the yard. Instead, it 
should be taken from another area of the amended flowerbed that is near enough to 
be similar in composition, yet far enough away (if possible) that it is not reasonably 
suspected to contain an ignitable liquid. Since the rate of microbial degradation 
within soil samples even varies by the season in which the samples were taken [21], 
comparison samples should be taken at the same time as the questioned samples. 

While these general trends have been repeatedly observed in research environ- 
ments, it is important to note that casework samples may have different microbial 
communities. The method used to enrich the bacterial cultures in Kirkbride’s study 
is known to encourage the growth of Pseudomonas varieties, at the potential 
expense of other microorganisms [7]. Depending on the relative microbial loads of 
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the two known Pseudomonas and other microbes in a given sample, the degradation 
rates and effects observed in research could be completely different from those 
observed in casework. 

Recently, the use of microbes as a bioremediation agent has been translated into 
a novel firefighting foam. The idea behind the new foam is that after the fire is 
suppressed, the microbes in the foam can then reduce the environmentally harmful 
footprint of the fire by digesting any remaining ‘hydrocarbons.’ This commercially 
available microbially active firefighting foam uses a mixture of three different 
Bacillus microbes to achieve degradation of ‘hydrocarbons,’ which potentially 
includes petroleum products [28]. Of the three spore-producing microbes used in 
the foam, only one, Bacillus subtilis, is mentioned in environmental literature as a 
degradation agent [29, 30]. The other two microbes, Bacillus licheniformis and 
Bacillus polymyxa, are known for improving oil recovery, but may not be involved 
in the immediate degradation of petroleum products. To date, there have been no 
studies published regarding the degradation of ignitable liquids with the use of this 
new foam. 


6.4 Questions 


1. In what type of evidence would ignitable liquids be expected to undergo 
microbial degradation? 

2. Why is considering microbial degradation an important part of fire debris 
analysis? 

3. What types of compounds are the most affected by microbial degradation? 
Which ignitable liquid classifications? 

4. What steps can be taken to mitigate microbial degradation? What are the ben- 
efits and limitations of each? 

5. What is the difference between weathering and microbial degradation? 
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Chapter 7 ® 
Introduction to the Forensic Analysis 
of Intact Explosives 


H. E. Hutson and E. McGee 


Learning Objectives 


e Understand what explosives are and how they are classified. 

e Understand how explosives are properly submitted to the forensic laboratory. 

e Understand how explosives are safely handled, analyzed, identified, and 
reported. 


7.1 Introduction 


An explosive is a substance or a mixture of substances that is capable of producing 
an explosion by its own energy. An explosion is a sudden and violent release of 
energy in the form of pressure (gaseous products), light, heat, and sound. 
Colloquially, this term is used to describe the violent shattering or blowing apart of 
something. Explosions can be considered as one of four distinct types: mechanical, 
nuclear, electrical and, most pertinent to the explosives in this chapter, chemical. 
Chemical explosions are the result of a rapid self-sustaining exothermic chemical 
reaction. 
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Explosives are widely used throughout the world legally in different industries 
such as quarrying, mining, engineering, and demolition. They are also used by law 
enforcement and the military. Unfortunately, explosives are also used for nefarious 
purposes, resulting in the submission of explosives to forensic laboratories for 
identification. 

An intact explosive (sometimes referred to as bulk explosive) can generally be 
thought of as unreacted energetic material, e.g., an intact stick of dynamite or the 
contents of an unfired firework. The characteristic appearance will not have 
changed significantly and the original ingredients will be present, though some may 
have degraded over time. Post-blast explosives will be discussed in Chap. 8. 

Legislation varies across jurisdictions, but the basic requirements for every 
forensic laboratory analyzing explosives will not differ greatly. The courts will 
require confirmation that the substance recovered is indeed an explosive and a 
definitive confirmation of the identity. The laboratory can also perform chemical 
comparisons of explosives from different locations such as the crime scene and a 
suspect’s residence and vehicle. Depending on the jurisdiction and the defined 
parameters of the examiner’s duties, the origins, characteristics, and effects of the 
quantity and type of explosive may also be included in a report. The report will not 
include assessment of the intent of the perpetrator or defendant, as the intent is 
ultimately for the courts to decide, not the expert. 

The last decade has seen more submissions of homemade explosives (HMEs) 
and related improvised explosive devices (IEDs) due to increased terrorist activity 
and experimenters. Homemade explosives, also known as improvised explosives, 
are used by lone wolves and organized groups to spread terror throughout the 
world. They are also synthesized by amateur chemists for experimentation, the 
legality of which varies across jurisdictions and countries. This means that labo- 
ratories may be regularly called upon to identify potential precursor chemicals for 
explosives manufacture and comment on the effectiveness of recipes for explosives 
found in a suspect’s possession. Explosives examiners may also describe and report 
on device components such as containers, added enhancements, initiators, batteries, 
wires, switches, timers, and other electronics from IEDs, which are discussed in 
detail in Chap. 9. The question of whether the device would have functioned or not 
must be addressed, but different agencies may assign this assessment to different 
personnel. 

Examiners may also be sent to scenes where presumptive testing is needed or to 
help with proper evidence collection. Presumptive testing, while not as conclusive 
as testing at the laboratory, can assist the investigation and increase the safety of 
those examining the crime scene, particularly where the manufacture of explosives 
and/or IEDs is suspected. Early indications of the identity of explosives on scene 
can also assist in the prioritization of any potential exhibits when submitted to the 
laboratory. 


7 Introduction to the Forensic Analysis of Intact Explosives 195 


7.2 General Classification of Explosives 


There are a wide variety of explosive substances [1-3], but these substances can be 
divided into two general categories based on their method and rate of reaction 
propagation: low explosives and high explosives. Upon initiation, low explosives 
undergo deflagration, a process in which each particle of the powder transfers heat 
to its immediate surroundings, resulting in a rapid rate of particle-to-particle 
burning with the production of hot gases and smoke. The reaction through the 
substance occurs at a rate less than the speed of sound in the unreacted material, 
which defines the material as a low explosive. High explosives undergo detona- 
tion, a process in which a shock wave moves through the unreacted material at a 
rate faster than the speed of sound. Commercial low explosives are commonly seen 
in casework, while commercial high explosives are more highly regulated and 
monitored than in the past, and are seen less frequently than before. 


7.2.1 Low Explosives 


Low explosives, with the exception of smokeless powders, are typically mechanical 
mixtures of oxidizers and fuels in powder form. 

The commercial uses of low explosives can be generally divided into two cat- 
egories: propellants, such as are used to propel a bullet from a gun, or py- 
rotechnics, such as are used in the fireworks and theatrical (stage) pyrotechnics 
industry [4, 5]. Examples are shown in Fig. 7.1. Some low explosives, particularly 
those that are homemade, such as potassium nitrate/sugar mixtures, will not fall 
neatly into one of these categories, but can generally be described as oxidizer/fuel 
mixtures. 


Low Explosives 


— 


| Propellants | Pyrotechnics | 


(Thrust) (Light, Heat, Smoke, Sound) 


a | 
oe | 


Smokeless Powders Fireworks: Salutes, Stars, Comets etc. 
Black Powders Smoke Compositions 
Black Powder Substitutes Road Flares 


t am 


Fig. 7.1 Uses and examples of low explosives. © Crown copyright, Dstl 
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Fig. 7.2. Low explosives come in a range of morphologies and colors. © Crown copyright, Dstl 


As can be seen in Fig. 7.2, low explosives can have many appearances, 
including white solids, black particles, gray powders, and firearms propellants in 
many shapes, sizes, and colors. 

The speed of reaction through a low explosive is increased by the degree of 
confinement. Unconfined low explosive burns at a speed considerably slower than 
low explosive confined within a paper tube, which burns more slowly than low 
explosive confined within a metal pipe. If low explosives are suitably confined, the 
resulting speed of reaction increases and this can often result in a loud report (a 
bang). The rate of reaction is also affected by how intimately the fuel(s) and 
oxidizer(s) are mixed. 

Propellant powders, including black powders, black powder substitutes, and 
smokeless powders, are historically the explosives most frequently submitted to 
most forensic laboratories. They are used in muzzleloading and cartridge firearms 
by ‘reloaders’ including hunters and gun enthusiasts and in historical re-enactments 
and are widely available for purchase in retail outlets. 

Black powder is widely regarded as the oldest chemical explosive, dating back 
to around the seventh century [6]. The appearance can range from a fine powder to 
the angular granular material shown in Fig. 7.3. Commercial black powder consists 
of a mixture of potassium nitrate (oxidizer), charcoal (fuel), and sulfur (fuel and 
tinder to promote burning). Black powder is produced as a homogenous mixture in 
a range of grain sizes for different applications. The finer the grain size, the faster 
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Fig. 7.3. Black powder is 
sold in different grain sizes. 
Left to right, Fg and FFg (top 
row) and FFFg and FFFFg 
(bottom row). © Crown 
copyright, Dstl 


the burn. Coarse grains are designated Fg, medium FFg, fine FFFg, and very fine 
FFFF¢g as shown in Fig. 7.3. The grain size can be a useful physical property when 
comparing powders. 

Pyrotechnic devices such as commercial fireworks and stage pyrotechnics use the 
propelling power of black powder as well. For example, black powder is commonly 
used to produce hot gases which are channeled from the base of a rocket to propel it 
into the air. Black powder is also used as the lifting charge within aerial shells fired 
from mortar tubes. Low explosives such as black powder are also used as the means 
to transmit flame in various fuses, which are discussed further in Chap. 9. 

Examiners may also encounter homemade black powder, which consists of the 
same compounds as commercial black powder, but is generally very inhomoge- 
neous with coarse particles that can be relatively easily separated for analysis. 

Black powder substitutes, such as the ones shown in Fig. 7.4, offer some 
advantages over black powder for consumers; they are less sensitive to accidental 
initiation, and therefore, safer to use and less residue is produced after burning. The 
substitutes contain potassium nitrate and potassium perchlorate as oxidizers with a 
variety of fuels and other additives including sodium benzoate, sulfur, dicyandi- 
amide, and ascorbic acid. A number of brands are on the market, each with their 
own particular composition. 

Two of the most well-known and encountered substitutes are Pyrodex® and 
Triple Seven®, both of which look like gray aggregates with white inclusions when 
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Fig. 7.4 Triple Seven (left) 
and Pyrodex® (right) are 
black powder substitutes. 
Grain sizes FFg are shown 
here. © Crown copyright, Dstl 


magnified. Both contain the oxidizers potassium nitrate and potassium perchlorate. 
Pyrodex® additionally contains sulfur, sodium benzoate, and dicyandiamide 
(DCDA), whereas Triple Seven® lacks sulfur but contains 3-nitrobenzoic acid [7]. 

Some substitutes, such as BlackMzZ"™, contain ascorbic acid as the fuel source, 
typically with potassium nitrate and potassium perchlorate as oxidizers. Propellants 
utilizing an ascorbic acid fuel source generally do not contain sulfur [8]. 

Black powder substitutes also come in pellet form for muzzleloading. The pellets 
are typically gray, black, blue, or white in color and have a hole through the center. 
White Hots®, shown in Fig. 7.5, is an interesting example of a pelletized black 
powder substitute, which contains potassium nitrate, potassium perchlorate, sodium 
benzoate (fuel), and dextrin (binder and fuel). 

Smokeless powder was developed in the late nineteenth century as the original 
substitute for black powder [6, 9], but should not be confused with the black 
powder substitutes described above, as it is physically and chemically very different 
from them. While not entirely free of smoke, the amount of smoke emitted on 
ignition is minimal because the majority of products formed are gaseous and col- 
orless, which gives a much cleaner burn than black powder. 

Smokeless powders come in many different morphologies and colors (see 
Fig. 7.6) and intact grains, sometimes called flakes, particles, or kernels, which are 


Fig. 7.5 White Hots® are a 
brand of muzzleloader pellets. 
© Crown copyright, Dstl 
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Fig. 7.6 Example of 
smokeless powder. Not all 
smokeless powders are black 
or gray, as illustrated by these 
pink and green lamels. 

© Crown copyright, Dstl 


easily recognizable. The most common shapes are disk, tube (cylinder), rod, ball 
(sphere), flattened ball, lamel, and a catch-all irregular category, such as irregular 
flakes. Smokeless powders can also have perforations, examples of which are a hole 
in a disk or a hollow center through a cylindrical powder. The perforations increase 
the surface area and therefore the burning rate of the propellant. The perforation 
may not always be obvious to the naked eye as it can be obscured by an imper- 
fection or coating during the manufacturing process. Many of the powders are black 
or gray, but some powders contain grains that are colored to aid identification. 
These colored grains are called markers or colored identifiers. The T/SWGFEX/ 
NCES Smokeless Powder Database is a useful online resource that contains images 
(micrographs), source information, physical and chemical properties and analysis 
parameters for over 800 different powders [10]. 

The principal component of smokeless powder is nitrocellulose, which is a 
highly flammable and energetic material. Nitrocellulose, or guncotton, is made by 
treating ordinary cotton with concentrated nitric and sulfuric acids. Smokeless 
powders are further classified as: 


e single base: containing nitrocellulose (NC); 
e double base: containing NC and nitroglycerin (NG); and 
e triple base: containing NC, NG, and nitroguanidine (NQ). 


Single and double base powders are the most common powders submitted to 
forensic laboratories; triple base powder grains are larger than single or double base 
powders and are found in higher caliber military-type munitions. Smokeless 
powders also generally contain a range of organic compounds including energetics, 
stabilizers, plasticizers, deterrents, flash reducers, and lubricants. Examples of these 
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additives include 2,4-dinitrotoluene (2,4-DNT), trinitrotoluene (TNT), and 
diphenylamine (DPA). 

Unlike commercial black powder, which has a single formulation, oxidizer/fuel 
mixtures can be highly variable. Oxidizer/fuel mixtures include commercial 
products, such as pyrotechnics and flash powders, and a wide range of improvised 
mixtures used in improvised explosive devices. Pyrotechnic stars for example come 
in a wide variety of compositions that, when ignited, produce different color effects 
and sparks. Typical oxidizer/fuel mixtures include nitrate, perchlorate, chlorate, and 
permanganate salts that can be mixed with a variety of fuels such as sugar, sulfur, 
and fine powdered metals including aluminum and magnesium. Examiners must 
exercise caution when handling these mixtures, particularly suspected flash pow- 
ders, as they can be initiated by friction, static electricity, and impact. Some 
oxidizer/fuel mixtures can also function as high explosives. One example is flash 
powder. 

Flash powders contain an oxidizer, commonly but not limited to potassium 
perchlorate or potassium chlorate, mixed with a metal fuel, such as magnesium, 
aluminum, or an alloy of the two, magnalium. Flash powders can be used as effect 
charges in commercial fireworks to produce a loud bang and/or flash for example, 
as the name suggests, or as a bursting charge. 


7.2.2 High Explosives 


As mentioned earlier, high explosives undergo detonation on initiation. Hot gases 
are produced, accompanied by a pressure wave, light, heat, and sound. There may 
also be a shattering effect from the pressure wave, known as brisance. Other high 
explosives produce a heaving effect and this property is used in industries, such as 
mining or tunneling, where the movement of large volumes of solid substances is 
required. 

Unlike low explosives, which are mechanical mixtures of fuels and oxidizers, 
many high explosives are single molecules that can be thought of as chemically 
bound fuels and oxidizers. Structures of some of the more commonly seen 
explosives are shown below in Fig. 7.7. It should be noted that although many high 
explosives contain nitro-based groups, there are some high explosives that do not, 
such as peroxides. 

High explosives can be further divided into primary, secondary, and tertiary 
blasting agent categories, depending on their susceptibility to initiation and their 
detonation velocity (Fig. 7.8) [11, 12]. 


Primary High Explosives 


The more sensitive high explosives are referred to as primary high explosives. 
Historically, primary high explosives such as lead azide, lead styphnate, and 
mercury fulminate were not regularly submitted to forensic laboratories as they 
were not encountered very often by the law enforcement community when not part 
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Fig. 7.7 Examples of molecular high explosives. © Crown copyright, Dstl 
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Fig. 7.8 Examples of high explosive products and the typical velocity of detonation (VOD) range 
for each category. It should be noted that some of these explosive products can fall into multiple 
categories depending on the precise formulation. © Crown copyright, Dstl 
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of a commercial detonator. Currently, a different range of primary high explosives, 
including organic peroxides, are encountered in the field and are routinely accepted 
and analyzed by laboratories. 

Primary high explosives can detonate when exposed to a range of external 
stimuli such as heat, flame, friction, impact, or electrostatic discharge. Each primary 
explosive will have particular susceptibilities to different types of initiation; some 
are more susceptible to electrostatic discharge while others are very sensitive to 
heat, for example. Their ease of initiation means they are ideal for use in detonators, 
but also difficult to handle as more care is needed to protect them from such external 
stimuli and thus prevent accidental initiation. 

A commercial detonator is a cylindrical metal shell containing both a primary 
and a relatively sensitive secondary high explosive, which is used to initiate larger 
quantities of other less sensitive secondary high explosives, known as the main 
charge. Within the detonator, the primary explosive initiates the secondary 
explosive, producing a shock wave that initiates the main charge. This is an 
example of an explosive train, an arrangement in which each explosive sets off 
another less sensitive, more powerful explosive. Detonators will be discussed more 
extensively in Chap. 9. 

While the chemical analysis of the explosive content of commercial or military 
devices such as detonators is not typically required, samples of homemade primary 
explosives are sometimes submitted to the laboratory. These can include lead azide 
(Pb(N3)2), lead styphnate (C5HN3OxgPb), triacetonetriperoxide (TATP), and hex- 
amethylene triperoxide diamine (HMTD). Homemade explosives, particularly these 
primary explosives, can be extremely sensitive and are dangerous to handle for law 
enforcement and laboratory personnel. For example, TATP is prone to sublimation 
and can potentially recrystallize in the threads of the container that the TATP is 
being stored in, making handling of storage vessels potentially hazardous. 

TATP and HMTD are peroxide-based primary high explosives that have no 
commercial or military uses because they are so easily initiated and, more impor- 
tantly, unpredictable. TATP and HMTD can sometimes be differentiated by their 
appearance but not always, as illustrated in Fig. 7.9. Factors that affect appearance 
include the synthesis method and the precursors used, and whether a bulk amount 
or a small amount of crystals under a microscope is viewed. The appearance of 
TATP in particular can change dramatically with age due to sublimation. 


Fig. 7.9 TATP (left) and HMTD (right) are both white crystalline powders in their pure form. 
© Crown copyright, Dstl 
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Small amounts of TATP are used in improvised detonators and bulk amounts 
(kilograms) have been used increasingly in recent years in high-profile terrorist 
attacks in Paris (2015), Brussels (2016), Manchester Arena (2017), and the London 
Underground (2017). 


Secondary High Explosives 


Secondary high explosives are less sensitive than primary high explosives, usually 
requiring the shock wave from another explosion, such as that from a detonator, for 
initiation. Examples of secondary explosives submitted to laboratories can include 
military explosives containing RDX or TNT. Military explosives can have the same 
names as commercial explosives but different formulations. 

Secondary high explosives can also be used for initiation of other explosives, 
such as in detonating cord and shock tube. Detonating cord is a thin flexible plastic 
tube usually containing PETN. Shock tube is a hollow plastic tube coated on the 
inside with a thin layer of HMX and aluminum. Both are used primarily to link 
several main charges (secondary or tertiary) together with almost simultaneous 
detonation. Explosive boosters are powerful secondary explosives that offer reliable 
initiation of non-detonator-sensitive blasting agents such as ANFO. When these 
boosters are cast into a cylindrical shell, which is generally made of cardboard or 
plastic, they are known as cast boosters. Boosters typically contain PETN or PETN/ 
TNT mixtures. The detonator is generally placed inside the booster, which is placed 
inside the main charge. 

Also within the secondary explosive category are commercial dynamites used for 
blasting. Dynamite comes in stick form, as shown in Fig. 7.10, and the explosive 
itself has a very distinctive appearance unlike any other explosive. Historically, 
dynamites contained nitroglycerin soaked into an adsorbent, which significantly 


Fig. 7.10 Dynamite is a 
commercial high explosive. 
© Crown copyright, Dstl 
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decreases sensitivity. One potential issue for laboratories can be the receipt of old, or 
poorly stored dynamites, which have a tendency to leach liquid nitroglycerin, making 
them more susceptible to accidental initiation. There are a number of different for- 
mulations currently in use including straight, ammonia, gelatin, and semi-gelatin. 
Some ingredients that have been observed are the nitrate esters NG and ethylene 
glycol dinitrate (EGDN), ammonium nitrate, sodium nitrate, nitrocellulose, nitros- 
tarch, wood pulp, sawdust, wax, and oil. It is also important to note that commercial 
dynamite and military dynamite have different formulations. The military version 
contains the organic explosives RDX and TNT and does not contain NG [13]. 

Plasticized explosives, colloquially known as plastic explosives, contain 
explosives, such as PETN or RDX, mixed with plasticizers, such as citroflex or 
dioctyl adipate, and other additives to make them malleable. They may also contain 
volatile chemicals as chemical detection agents, commonly referred to as ‘tag- 
gants.’ The most common examples of chemical detection agents are EGDN and 2, 
3-dimethyl-2,3-dinitrobutane (DMDNB). Examples of plasticized explosives 
include Composition C4 and a range of Semtex products [13]. Detasheet is a plastic 
sheet explosive, a sub-group of plastic explosives that is named for the sheet form 
in which it is manufactured. Plastic sheet explosives can be shaped to meet par- 
ticular needs and are often used to dispose of other explosives. The major com- 
ponents of plasticized explosives are shown in Table 7.1. 

Polymer-bonded explosives (PBX) are sometimes confused with plasticized 
explosives but they are different. In PBXs, the explosive component, such as RDX 
or HMX, is bound together by a polymeric binder, commonly polyurethane, 
forming a rubbery composition which makes them easier to cast and less suscep- 
tible to shock and other stimuli. PBXs also contain plasticizers, bonding agents, 
wetting agents, cross-linkers, stabilizers, and catalysts. Aluminum is sometimes 
added as a fuel to increase blast effects. 

Secondary explosives are generally highly regulated and carefully controlled. It 
is also possible, however, to form secondary explosives called binary explosives 
by combining non-explosive materials that are available commercially. Some 
‘exploding targets’ used for target shooting contain pairs of packages of ammonium 
nitrate\aluminum powder or potassium perchlorate\aluminum powder that are 
mixed before use. Ammonium nitrate\nitromethane mixtures used in blasting as a 
main charge or as a booster are similarly prepared just before use. 


Tertiary High Explosives (Blasting Agents) 


A third category, known as tertiary high explosives or blasting agents, is used to 
describe high explosives which require a detonator and that may also require a 


Table 7.1 Major 


Composition C4 Semtex Detasheet 
components of common 
a : RDX PETN (A) PETN 
plasticized explosives (not : . ¥ 
: : : : Dioctyl adipate/ PETN and RDX Nitrocellulose 
including chemical detection : 
agents) sebacate (H) Binder 
Polyisobutylene Plasticizer 
Mineral oil 
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boosting charge (or booster) of a secondary explosive to produce their detonation. 
These are used for quarrying, mining, and tunneling and are further classed as 
slurries, gels, or emulsions. 

Slurries consist of saturated aqueous solutions of oxidizers that contain dis- 
persed sensitizing fuel and excess solid oxidants such as ammonium nitrate prills, 
which are small porous spheres. Various compositions exist, all of which are rel- 
atively insensitive to initiation. The mixtures can include TNT or non-explosive 
components that can act as a fuel, such as aluminum. Slurries are not seen often in 
the laboratory as they are usually mixed on-site as needed, providing less oppor- 
tunity for theft. 

Water gels, as their name implies, contain a gelatinizing agent (a thickener) to 
create the required consistency for a particular application, either for pouring or as a 
solid. Water gels can include ingredients such as monomethylamine nitrate 
(MMAN), ammonium nitrate, calcium nitrate, aluminum, ethylene glycol, and 
TNT. Polyvinyl alcohol (PVA), guar gum, dextran gums, and urea-formaldehyde 
resins can be used as the gelling agents. 

Emulsion explosives, an example of which is shown in Fig. 7.11, are 
water-in-oil emulsions of oxidizer solution, usually ammonium nitrate, suspended 
as fine droplets that are surrounded by oils and waxes. Within the suspension are 
either ultra-fine air or gas bubbles or air encapsulated within glass beads (mi- 
croballoons) which act as sensitizers. The percentage of ammonium nitrate varies 
between products depending on the required applications. 

Commercially produced ammonium nitrate\fuel oil (ANFO) consists of prilled 
ammonium nitrate mixed with a small percentage of fuel oil and is also classed as a 
tertiary high explosive. Ammonium nitrate was used as part of the main charge in 
the Oklahoma City bombing in 1995. In that incident, TovexBlastrite Gel® was 
used to set off a configuration of barrels containing ammonium nitrate/nitromethane 
and ANFO mixtures. Homemade calcium ammonium nitrate/sugar mixtures, also 
classed as tertiary high explosives, were for many years the explosive of choice for 
the Provisional Irish Republican Army, causing much devastation and many mil- 
lions of pounds worth of damage to cities across the UK. 


Fig. 7.11 An emulsion 
explosive in its original 
packaging. © Crown 
copyright, Dstl 
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Current Trends 


Current trends in explosives submissions to major laboratories in the UK, Canada, 
USA, and the Netherlands are as follows: 


e Low explosives which are still commonly submitted include black powder, 
smokeless powder, pyrotechnic mixtures, and homemade low explosives such 
as potassium permanganate/aluminum mixtures, and potassium nitrate/sugar 
mixtures. 

e Commercial high explosives such as emulsions, dynamite, and plasticized 
explosives such as C4 and the PE-8 are not submitted as often as a decade ago, 
and Semtex is rarely seen. 

e Peroxide-based explosives TATP and HMTD are increasingly common. 


The most common devices are still improvised pipe bombs and package bombs 
though other containers such as buckets, pressure cookers, and paint cans are being 
submitted. Military ordnance, grenades, and detonators are still very commonly 
found in Europe and are seen in some North American laboratories. 


7.3 Laboratory Analysis 


There are few standardized methods available for the analysis of explosives. 
A variety of forensic organizations have begun to create standards for explosives 
analysis, beginning with smokeless powder [14, 15], but generally forensic che- 
mists rely on published papers, textbooks [16-21], and standard operating proce- 
dures created in-house. A guide was written by the Technical and Scientific 
Working Group for Fire and Explosion Analysis (T/SWGFEX) [22]. The T/ 
SWGFEX Guide, which was written by examiners, is still practical and useful, even 
though some of the instrumentation listed is outdated due to advances in instrument 
detectors. 

The analysis of intact explosives is qualitative and spans the range of forensic 
expertise from the knowledge of appearance to the application of complex instru- 
mentation. Due to the broad range of types of explosives, it is not practical to 
deliver a step-by-step guide for the analysis of explosives. Instead, a more practical 
approach that emphasizes a general analytical scheme will be presented. 


7.3.1 Safety and Packaging 


Acceptance of explosive samples for laboratory analysis begins with the initial 
assessment of the packaging of the sample. Safety is of primary importance and 
while some general guidelines are given here, forensic examiners must be knowl- 
edgeable in the properties and hazards of explosives. The packaging and contents 
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Fig. 7.12 A sample of ; ‘ EF 
dynamite packaged in a ¥ 
polyethylene bag for 
submission to the laboratory. 
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(if visible through the packaging, as in Fig. 7.12) should be assessed for potential 
safety and analytical concerns, and a determination made if an item is too dangerous 
to handle in its current condition, such as dynamite leaching nitroglycerin or intact 
rusted hand grenades. Although commercial and military explosives are relatively 
stable and safe to handle, the examiner must understand that they do not know how 
the item has been stored or treated during its lifetime and cannot be certain that it 
has not been modified, until it is tested. 

In general, many explosives can be safely packaged in vials or anti-static 
(usually indicated by being pink) plastic bags. Care should be taken when opening 
screw-top vessels, as dry, friction-sensitive powders can potentially be initiated by 
the act of unscrewing the lid. As mentioned previously, TATP sublimes and can 
potentially recrystallize in the threads of a screw-top vessel. Any container sus- 
pected to contain TATP should be examined carefully for possible recrystallization 
prior to opening. Ideally, samples of suspected TATP, HMTD, or other 
peroxide-based explosives will be small (less than one gram) and placed in an 
appropriate solvent/solution prior to submission, such as isopropanol, ethanol, and a 
1:1 ethanol/water mixture. 

When examining the packaging, consideration also needs to be given to the 
types of analyses that will be able to be performed. Some explosive compounds, 
such as EGDN, TATP, and chemical detection agents, are volatile, giving off 
vapors that can be captured and analyzed in the laboratory. Explosives that require 
vapor analysis should be packaged in vapor-tight containers, such as those dis- 
cussed in Chap. 2 (see Fig. 7.13). 

Ad hoc packaging is sometimes required for safety reasons, and the rationale for 
it must be clearly enunciated and documented to avoid confusion later. Samples of 
homemade mixtures, such as the concentrated hydrogen peroxide/chapatti flour 
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Fig. 7.13. The figure on the left shows a submission that was packaged in a glass jar, which was 
not ideal. The figure on the right shows a speciality nylon bag that can be used to retain explosives 
vapors. © Crown copyright, Dstl 


mixtures recovered in the devices used in a failed London attack (2005), are a case 
in point. In this incident, the hydrogen peroxide was reacting with the flour, pro- 
ducing a hazardous gas. An intentional hole was created in the packaging to vent 
the gases produced, thus avoiding rupture during transit and storage. 


7.3.2 Sample Appearance and Presumptive Tests 


The starting point for the examination of any material suspected to be an explosive 
is the observation of physical characteristics including shape (morphology) and 
color. Based on the appearance of the material and potentially background infor- 
mation from an investigator, the examiner typically can preliminarily determine the 
general type of explosive (i.e., oxidizer/fuel mixture, commercial black powder, 
plasticized explosive) as a guide for the analysis. Most laboratories maintain ref- 
erence collections of explosives and photographs for comparison and training 
purposes. There are also textbooks and online resources [10, 23] that provide 
photographs and descriptions of commercial, military, and improvised explosives. 

Samples should also be viewed under a stereo light microscope before a specific 
analytical scheme is decided upon. Examination under the microscope may reveal 
the presence of a mixture of explosives, such as a variety of morphologies of 
smokeless powder or a mixture of black powder and black powder substitutes. Each 
type of visually different explosive should be separated out for identification. 
A material packaged in a sausage-like casing could be an emulsion or a water gel 
explosive, both of which are used extensively in the mining industry but have 
different ingredients and appearances under the microscope. Water gels/slurries, as 
the name suggests, have a ‘jelly-like’ appearance, whereas emulsions have a con- 
sistency more like cream cheese. 
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Fig. 7.14 An actual case 
submission of TATP coated 
with aluminum powder. 

© Crown copyright, Dstl 


Unknown powders can be difficult to categorize on initial visual inspection. As 
an example, somewhat gray powder submitted to a laboratory was initially assessed 
as having the appearance of a pyrotechnic mixture like flash powder. A few crystals 
were placed under a stereo light microscope for examination. On splitting some 
crystals, the examiner noted a white material inside, shown in Fig. 7.14, which was 
disappearing. This was suggestive of sublimation, typical of TATP as previously 
mentioned. The white crystals were ultimately identified as TATP, and the gray 
coating was identified as aluminum. This case example highlights why suspected 
explosives materials should always be viewed under, at minimum, a stereo light 
microscope to confirm the initial assessment. 

Once a preliminary assessment has been made, the sample can then be further 
characterized by presumptive tests to ensure that the most appropriate course of 
analysis is chosen. These presumptive tests can also be performed after instrumental 
testing for additional confirmation. The most useful presumptive tests for the 
forensic examiner are burn test (ignition\thermal susceptibility test, or IST) and 
chemical spot tests [24—26]. Both types of presumptive testing are destructive, so 
should only be used if there is sufficient sample available to perform more definitive 
analyses. The results of all presumptive tests should be recorded in detail and can be 
augmented by photographs. 

Burn tests are performed by exposing a small sample of the suspected explosive 
to open flame. Examiners should be familiar, through practice, with the burn 
characteristics of all classes of explosives. For example, TATP produces a fireball 
with no smoke, as shown in Fig. 7.15. Commercial black powders will deflagrate 
with significant smoke generation. A homemade powder, on the other hand, may 
not be well mixed and therefore may burn less effectively, providing an indication 
for the forensic examiner that the powder may be improvised. 

A burn test should only be performed on a small amount of material as some of 
the reactions can be violent, producing flame, noise, and copious amounts of 
smoke. Materials such as pyrotechnic stars, fuses, and pelletized black powder 
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Fig. 7.15 Characteristic 
fireball produced when TATP 
powder is burned. © Crown 
copyright, Dstl 


substitutes may also move rapidly across the laboratory when ignited. Therefore, a 
safe area such as a fume hood should be used, and no combustible or flammable 
materials nearby. Descriptive language should be used to document the reaction. 
For example, ‘the powder ignited immediately, burned rapidly, produced a lot of 
white smoke and left a black residue,’ and ‘an energetic reaction was observed that 
produced a yellow fireball and no residue remained.’ 

Chemical spot tests use known chemical reactions with predictable color or 
fluorescent results to test for particular analytes. There is a wide range of chemical 
spot tests available to indicate the presence of ions including nitrate, chlorate, 
sulfate, chloride, and ammonium that are associated with explosive materials. 
Positive and negative controls should always be performed contemporaneously to 
ensure that the test reagents are working as expected at the time that the test is 
conducted. The positive control should always be performed after the test on the 
samples to minimize the risk of cross-contamination. These tests are quite specific 
but must not be used as the sole method to identify compounds. 

There are techniques that do not fit into the ‘chemical spot test’ or ‘instru- 
mentation’ categories. The most obvious examples are polarized light microscopy 
(PLM) and thin-layer chromatography (TLC). These are other excellent tools for 
the analysis and identification of some explosives. 

Polarized light microscopy (PLM) is a mature, non-destructive analytical 
technique that is used in some laboratories to identify explosives by their physical 
and optical properties. In PLM, light passes through a polarizer prior to interacting 
with the sample and through an analyzer before reaching the eyepieces or camera. 
A skilled examiner can use a combination of morphology, crystal structure, bire- 
fringence and refractive index to identify explosives and explosive-related particles 
or to isolate particles for further analysis. 

Thin-layer chromatography (TLC) used in the laboratory is a simplified version 
of the chromatographic techniques discussed in Chap. | and can be used for quali- 
tative screening of nitrates, nitramines, nitrate esters, and organic peroxides. TLC is a 
useful, if basic, technique which can be used to support other more advanced labo- 
ratory techniques. In many laboratories, modern chromatographic-mass spectrometry 
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instrumentation has displaced the use of TLC, as it can provide mass spectral 
information. 

TLC uses plates coated with a fine uniform layer of an adsorbent such as silica or 
cellulose. Solid samples are dissolved and spotted onto a plate alongside the 
appropriate laboratory controls and explosives reference solutions. Following elu- 
tion, the retention factor (Rf) of any developed spots is calculated. The presence of 
an explosive can be supported by the comparison of the Rf, UV activity, and the 
color of the developed spots with the explosive standards, as shown in Fig. 7.16. 

Other tests, such as solubility or pH, may also be useful for screening suspected 
explosives. For example, during the examination of gray/black cylinders submitted 
to the laboratory for explosive analysis, the cylinders on first glance appeared to be 
smokeless powder based on their shape and color. The material did not burn 
energetically, and a few grains placed in acetone did not break down forming a gel, 
as would be expected from a smokeless powder. Analysis revealed the presence of 
graphite but no other components of smokeless powder, confirming that ‘pencil 
lead’ had been submitted. 
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Fig. 7.16 Eluted and visualized TLC plate showing the separation of a range of explosive 
compounds. © Crown copyright, Dstl 
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7.3.3 Instrumental Analysis 


There is a range of well-established advanced analytical techniques used by forensic 
laboratories for the analysis of explosives; the theory behind each of these instru- 
mental techniques is discussed in Chap. |. The question of what constitutes the 
identification of a particular component is an important question, and the answer is 
highly dependent on the laboratory and what type of explosive it is. An unam- 
biguous identification cannot always be made from the data obtained from a single 
analytical technique. Elemental techniques, which are generally not good for 
identification of anything but pure elemental components like sulfur, provide 
information that informs the techniques that can provide molecular identification. 

Most laboratories have standard operating procedures that require the use of 
orthogonal techniques to make an identification and minimum criteria for each 
particular technique. Some analytical instruments combining two separate analyti- 
cal techniques, such as LC-MS, can be considered to suffice without further sup- 
porting techniques. For example, for a particular substance to be identified using 
liquid chromatography—mass spectrometry (LC-MS), the substance to be analyzed 
has to be soluble in the solvent used, to be compatible with and separated by the LC 
column, to elute within the retention time window of the explosive in question, to 
survive the ionization process and have the same mass to charge ratio as the 
substance in question. Other techniques that are much less selective, such as TLC, 
will require at least a secondary confirmatory technique. 

The choice of analytical techniques used largely depends on the types of com- 
pounds expected to be present in the sample. The majority of low explosives, with 
the exception of smokeless powder, contain mainly inorganic compounds. The 
oxidizers are generally nitrate, chlorate, or perchlorate salts that are easily identified 
by combinations of techniques such as Fourier-transform infrared spectroscopy 
(FTIR), X-ray diffraction (XRD), and scanning electron microscopy—energy- 
dispersive spectroscopy (SEM-EDS). Other techniques, either singly or in combi- 
nation, may also be used for identification. The fuels and other additives in both low 
and high explosives are more variable and can require a broader range of analyses, 
including gas chromatography—mass spectrometry (GC-MS), LC-MS, ion chro- 
matography—mass spectrometry (IC-MS), FTIR, and XRD. This variability in the 
instruments needed highlights the necessity of visual screening and familiarity with 
the common low explosives. 


7.4 Identification of Explosives 


The identification of an explosive material requires visual examination and iden- 
tification of the major individual components of the explosive material. For less 
complex explosives, this is relatively simple. For example, TATP is a 
single-component explosive that can simply be recognized by the white powdery 
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appearance and burn test, and identified by FTIR or XRD analysis. As the explo- 
sives get more complex, more instrumentation and information are required for 
identification. 


7.4.1 Black Powder and Black Powder Substitutes 


The oxidizer in black powder is potassium nitrate, which is easily identified by a 
combination of SEM-EDS and FTIR or XRD. Black powder also contains ele- 
mental sulfur, which can be identified by a broad variety of techniques including 
XRD (Fig. 7.17), Raman (Fig. 7.18), and PLM. Commercial black powder could 
be identified by the following combination of analyses: 


Appearance: black angular particles; 

Burn test: white smoke, rapid flame; 

SEM-EDS: C, N, O, S; 

XRD: potassium nitrate, sulfur; 

Raman: sulfur; 

If necessary, a spot test can confirm sulfur if XRD data is not available or 
sufficient. 
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Fig. 7.17 X-ray diffraction pattern of a black powder propellant (top). The d-spacings for 
potassium nitrate (middle) and sulfur (bottom) are shown. © Crown copyright, Dstl 
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Fig. 7.18 Raman spectrum of sulfur. © Crown copyright, Dstl 


Black powder also contains charcoal, which is generally too finely ground in 
commercial black powder to be identified. In coarser homemade black powder, 
charcoal can be identified using SEM-EDS by looking for a ‘honeycomb’ structure 
with the strong presence of carbon. 

Black powder substitutes generally include fuels such as sodium benzoate, 
DCDA, 3-nitrobenzoate, and ascorbic acid. DCDA is not effectively identified 
within the complex mixture that is Pyrodex® or Triple Seven® without some form 
of separation technique; as such, LC-MS would be necessary to identify DCDA. In 
contrast, ascorbic acid can be easily identified by all of the techniques listed above. 

Black powder substitutes can also be relatively simple to characterize. For 
example, Pyrodex® can be characterized as follows: 


Appearance: gray agglomerated particles with white inclusions; 

Burn Test: white smoke, rapid flame; 

SEM-EDS: C, N, O, S, Cl, K; 

XRD: potassium nitrate, potassium perchlorate, sulfur; 

If necessary, the DCDA and sodium benzoate can be characterized using an LC 
technique. 
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It is impractical to discuss every single explosive that can be identified, but some 
of the more complex explosive mixtures will be discussed to demonstrate a general 
approach to the identification of explosives. 


7.4.2 Smokeless Powder 


The initial step in identifying smokeless powder is to conduct visual and micro- 
scopic examinations, during which the appearance of the grains is documented. The 
appearance includes morphology, color, shape, and texture as well as the presence 
of perforations and any colored identifiers. The holes that run along the length of 
tubular propellant can sometimes be obscured by graphite, requiring close 
inspection. The outer graphite coating may come off over time through contact, 
which changes the color from black\gray to the interior color of the grain, which is 
generally green or yellow. Other characteristics to note are the diameter, length, and 
thickness (as appropriate) of grains, which can be measured using a ruler or 
micrometer, bearing in mind that there will be some variability due to the manu- 
facturing process. Measurement is not required for identification but is necessary 
when comparing powders, which will be discussed further later. A burn test can 
also be performed if there is sufficient sample available. Smokeless powders will 
ignite easily and burn energetically with negligible smoke generation. 

The instrumental analysis typically begins with the identification of nitrocellu- 
lose using FTIR. The presence of nitrocellulose alone combined with the mor- 
phology is enough to identify a powder as smokeless powder [14]. Nitroglycerin 
has a similar infrared spectrum to nitrocellulose (Fig. 7.19) and can interfere with 
an identification if present in the powder. It is possible to interpret the mixed 
spectrum; however, the two components may also be isolated by liquid—liquid 
extraction prior to analysis as nitrocellulose is soluble in acetone but not dichlor- 
omethane, and nitroglycerin is soluble in both [14]. As such, a dichloromethane 
rinse of a dissolved and re-solidified smokeless powder particle can effectively 
separate these two components. 

The nitroglycerin and other additives can also be identified using a combination 
of techniques including GC, LC, capillary electrophoresis (CE), and MS. It should 
be noted that smokeless powders from different sources that have been mixed 
together for a period of time can result in migration of nitroglycerin and additive 
components from one powder to another. Caution should thus be exercised when 
classifying mixtures of powders as double base or comparing mixtures of powders. 

The myriad of different morphologies and additives provide many points of 
comparison that can be used to link powders; for example, grains found in a device 
can be compared to a can of powder found at a suspect’s residence. The varied 
additives in smokeless powders, including stabilizers, plasticizers, and flash sup- 
pressants, can be used to identify or discriminate between powders [27]. 
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Fig. 7.19 FTIR spectra of nitroglycerin (blue) and nitrocellulose (red). © Crown copyright, Dstl 


Figure 7.20 shows a smokeless powder comparison that was requested in an 
actual case. Chemical analysis is still necessary for the identification of the sample 
as smokeless powder, but the diameters of the disks are clearly visually different. 


Fig. 7.20 A comparison of 
smokeless powder disks from 
a case. The difference in the 
diameter of these disks is 
readily apparent even to the 
untrained eye. © Crown 
copyright, Dstl 
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Fig. 7.21 A package of ‘Shock Rocket’ fireworks (left) and an individual firework from the 
package dismantled for analysis (right). © Crown copyright, Dstl 


7.4.3 Oxidizer/Fuel Mixtures 


Oxidizer/fuel mixtures include pyrotechnics, which are usually recognizable as 
commercial products (Fig. 7.21) and are uniform in shape and particle size, com- 
mercial flash powders, and homemade mixtures that may or may not have a 
homogenous factory-made appearance. An early indication of their energy is 
important to establish through a burn test, if there is sufficient material. Oxidizer/ 
fuel mixtures will burn rapidly and may emit light, sound, sparks, and smoke. 
Improvised mixtures will burn fitfully if not well mixed. Spot tests are useful 
indicators of the presence of both oxidizers and fuels. 

Oxidizer/fuel mixtures, which by definition are mixtures of different chemicals, 
are more difficult to analyze and identify with the increased complexity of the 
mixture. For example, a simple mixture such as flash powder that contains one 
oxidizer, potassium perchlorate, and a metal fuel, aluminum is straightforward to 
analyze. The aluminum or other metals can be identified using XRD with X-ray 
fluorescence (XRF) or SEM-EDS. As previously discussed, the potassium per- 
chlorate can easily be identified by FTIR or XRD with an elemental technique. On 
the other hand, more complex mixtures can be more challenging and it may be 
necessary to use water extraction to separate the various components. For example, 
potassium nitrate can be isolated if necessary by a simple water extraction and 
recrystallization by evaporation. Alternatively, a water extraction can provide a 
simple means to separate out insoluble metal fuels from a mixture for better 
characterization. Examples of particularly complex mixtures are road flares or 
homemade hypergolic mixtures; their ingredients and analysis are covered in detail 
in Chap. 10. 


7.4.4 High Explosives 


Many high explosives will require GC-MS or LC-MS for identification. Relatively 
simple explosives, such as the PETN filler in detonating cord, can be identified very 
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easily by XRD or FTIR with minimal preparation. Other high explosives may 
require extensive preparation before analysis, particularly plasticized explosives. 
Sequential solvent extraction may be necessary to separate the components suffi- 
ciently for identification. 

Primary high explosives will react very energetically when exposed to heat 
during the burn test alerting the examiner to the probability that the powder is a 
primary high explosive that must be handled with extreme caution. The common 
techniques used in the analysis of inorganic explosives discussed previously (such 
as FTIR, XRD, and SEM-EDS) are also the analytical techniques of choice for the 
inorganic primaries. Pure organic peroxides (TATP, HMTD, and methyl ethyl 
ketone peroxide (MEKP) are routinely identified using FTIR with little or no 
sample preparation. Raman can also be used with a few provisos; more sample is 
needed than for FTIR unless a microscope attachment is available, and there is a 
possibility than the Raman laser may initiate the sample by heating, particularly for 
instruments that utilize a ‘spot’ laser. GC-MS and LC-MS are also techniques for 
unequivocal identification of these compounds. 

As mentioned in Sect. 7.3.2, water gels/slurries have a gelatinous appearance, 
while emulsions have a thicker consistency. They can contain suspended ammo- 
nium nitrate (and/or sodium nitrate) in powder or prill form and various fuels (e.g., 
metal flakes) and sensitizers (e.g., microballoons). The prills are visible under a 
stereo light microscope and can generally be identified using XRD and FTIR with 
elemental analysis. The microballoons (shown in Fig. 7.22) and metal flakes may 
require viewing under a high power microscope and may be analyzed using SEM, 
with additional XRD analysis for the metal flakes as necessary. MMAN is another 
sensitizer that may be present and can be analyzed by LC-MS, XRD, or FTIR, 
though the hygroscopic nature of MMAN may require additional sample 


Fig. 7.22 SEM-EDS 
analysis of an emulsion 
explosive sample. The 
presence of Na, Si, and Ca 
elements showed the presence 
of glass microballoons. 

© Crown copyright, Dstl 
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preparation. A series of solvent extractions can be used to differentiate between 
emulsions and water gels and isolate the above components of interest prior to 
analysis. For example, the components of emulsions can be separated by extraction 
with an organic solvent, such as hexane, which will retain lubricating oils or waxes, 
followed by water, which will remove any inorganic salts like ammonium nitrate. 
Microballoons or metallic flakes will also typically float on top of these extracts and 
can be filtered out or skimmed off for easy analysis. 

Dynamite is another secondary explosive with relatively complex formulations. 
The analysis of dynamite is preceded by solvent extractions and filtering to isolate 
the main ingredients for instrumental analysis and identification. NG and EGDN 
can be removed by washing the dynamite sample thoroughly with dichloromethane 
or doing a headspace extraction; this fraction is typically analyzed by GC-MS or 
LC-MS (Fig. 7.23). The remaining sample can be washed with acetone to dissolve 
NC or nitrostarch, if present; the acetone may need to evaporate or water may need 
to be slowly added to the liquid in order to get NC into a form that can be identified 
by FTIR. 


1783 
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Fig. 7.23 Pieces of torn orange wrapper suspected to originate from dynamite were submitted to 
the laboratory for analysis. EGDN, NG, and a series of normal alkanes (C20—C29), which act as 
fuel, were extracted using hexane and identified by GC-MS. © Crown copyright, Dstl 
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A water wash of the solid sample will dissolve the ammonium nitrate and\or the 
sodium nitrate, if present. The solid material that remains, such as fillers and 
microballoons, can then be examined separately. 

As previously discussed, ANFO is a mixture of a solid oxidizer, ammonium 
nitrate, and a fuel oil, such as diesel fuel. The presence of prills will be an obvious 
physical characteristic, and the ammonium nitrate can be identified using tech- 
niques such as FTIR and XRD. The fuel oil can be extracted using headspace 
techniques or solvent extraction. Nitromethane (NM) is an energetic liquid (clas- 
sified in some jurisdictions as an explosive) that can be mixed with a range of 
oxidizers (including ammonium nitrate), sensitizers, and fuels. Nitromethane will 
ignite easily and sustain a flame when burn tested. The liquid can be identified 
using techniques such as GC-MS, FTIR, and Raman. The analysis of ANFO and 
AN\NM, which potentially involves the analysis of ignitable liquids (fuel oil and 
NM) with an explosive component (ammonium nitrate), will be discussed further in 
Chap. 10. 

Examiners will follow a path similar to the one shown in Fig. 7.24, based on 
available techniques, experience, and laboratory requirements. The following case 
submission illustrates how this analysis scheme might be used. 


Case History & Visual Examination 
(macro and microscopic) 


Example ofan 


Expioe 


Solid or 
Liquid’ Gel/Emutsion 


Discrete 

Granules 
Oiscs, Baits, 
Tubes etc, 


Prills GeVEmutsion 


Sausage 


Propellants Block Powder, 
Pyrodex, Triple?, ete 
Pyrotechnics Fireworks, 
Rowelfares 
Oxidizers/Fuets Sinertes, 
Nitrares, Chiorates, Sugar, Sulphur 
High PETN che 
Improvised Peronlde Bored Uren 
Nitrate 


So xRD FTIR 
GCOLCMS TLC 


Fig. 7.24 Analysis of intact explosives can be complicated, as illustrated in this example of an 
analytical flowchart. © Crown copyright, Dstl 
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7.4.5 Case Study 


An IED was thrown into a public house (pub) on a busy Friday night in the UK, but 
did not function. Police were called and the IED was rendered safe by explosive 
ordnance disposal (EOD—bomb disposal) officers. The device components were 
submitted to the laboratory for analysis (Fig. 7.25). A glass coffee jar held a 
metallic gray powder and a large number of nails, tacks, and screws. The top of the 
jar had a white plastic tube protruding, secured to the jar with blue tape. The 
investigating team asked if the device was viable, what was the explosive and why 
did it fail to go off? 

During the burn test, the metallic powder ignited immediately and burned very 
quickly with a bright white flash with some smoke generated. This burn test 
indicated that the powder was a very quick-burning low explosive, most likely a 
flash powder. It was clear that the powder did not fit the descriptions or burn 
characteristics of black powder, black powder substitutes, or high explosives. 
Therefore, the powder was initially analyzed by SEM-EDS and FTIR. 

SEM-EDS showed the presence of predominantly aluminum, potassium, and 
chlorine, supporting the results of the burn test. Potassium perchlorate could not be 
identified by FTIR due to the presence of the metal fuel, which interfered with the 
spectrum. Therefore, the sample was further analyzed by IC to confirm the presence 
of perchlorate and potassium. The appearance, burn characteristics, and analytical 
results combined revealed the gray powder to be a flash powder. 

The white plastic tube taped into the mouth of the jar contained a length of Visco 
fuse protruding from one end and a beige clay plug in the other end. A fine 
black-colored powder was visible at the end into which the fuse protruded. Gentle 
scraping of this compacted powder gave enough sample to carry out a burn test. 
The powder ignited immediately and burned very quickly with a bright yellow 
flame. The burn was not as fast as that of the flash powder sample and was more 
similar to black powder. 

Enough sample was obtained for a full analysis, including: 


e FTIR: Potassium nitrate; 
e SEM-EDS: potassium, sulfur, and carbon; 
e IC: nitrate, potassium, and a lower level of sulfate. 


Fig. 7.25 Coffee jar (left) 
containing a metallic powder 
and a plastic tube originally 
attached to the jar were 
submitted to the laboratory for 
analysis. © Crown copyright, 
Dstl 
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Collectively, these results supported the presence of black powder which con- 
tains potassium nitrate, sulfur, and charcoal. The device may have failed because, 
though burning was apparent at the end of the fuse, parts were bent and weakened, 
thus probably leading to the failure of the fuse to burn to its end. 


7.5 Reporting Explosives 


The explosives examiner’s role is to identify the presence or absence of an 
explosive in the submitted material. After completing a thorough and appropriate 
analysis, the forensic examiner will summarize their findings in a clear and concise 
written report. The range of services offered varies between laboratories and 
influences the contents of the report. The format and language used will also differ 
because of laboratory policies and location. 

Some laboratories will choose to report the individual components identified in a 
‘results’ section, with a separate ‘conclusion’ section for the identification of intact 
explosives, based on those individual components. For example: 


Results: A sample of Item 1 contained the major components: nitrocellulose, 
2,4-dinitrotoluene, and diphenylamine. 
Conclusion: Item | is classified as a single-base smokeless powder. 


Other laboratories may combine these two sections or will simply report the 
identification of the explosive. There may also be a discussion section to mention 
factors that affect the conclusions, such as the alternative uses for an identified 
component. For example, a sample of Item 1 contained nitroglycerin, an explosive 
found in double base smokeless powders and commercial dynamites. When pure, it 
is a colorless oily liquid. Nitroglycerin can also be found in some heart medications. 

Depending on laboratory protocols and the case needs, other information may 
also be included with the identification of the explosive. Examples of these include: 


Common uses\properties of the identified explosive; 

Efficacy of the explosive; 

Possible methods of initiation; 

Potential effects of the explosion of explosive, given quantity and reported 
method of containment; 

e Notation of possible ‘homemade’ mixture if it did not appear to be well mixed 
or did not burn effectively. 


If testing identified a viable explosive substance, the forensic examiner will 
usually report the type of explosive rather than identify specific brands. For 
example, a forensic report will typically identify a material as “black powder’ rather 
than ‘Elephant®’ or ‘Goex®’ brand black powder. For commercial explosives like 
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emulsions or dynamite that are packaged in their original wrapper, a more cate- 
gorical identification can be made. When identifying an explosive material, the 
precise identification made will depend largely on laboratory protocol and the type 
of substance identified. Molecular explosives such as TATP, HMTD, ETN, and NG 
are relatively simple to report; for example, ‘Item | contained triacetone triperoxide 
(TATP).’ When oxidizer/fuel mixtures are encountered, reporting can get more 
complicated. For example, a relatively simple mixture of finely ground potassium 
perchlorate and aluminum could be identified as any of the following: 


Flash powder; 

Pyrotechnic mixture; 

Perchlorate explosive mixture; 

Perchlorate explosive mixture containing potassium perchlorate and aluminum. 


In instances where the material is identified as non-explosive, the identity of the 
material can still provide important investigative information. The substance may 
be a precursor material for an explosive mixture or a substance completely unre- 
lated to the manufacture of explosives. As such, reporting the identity of the sub- 
stance, rather than simply reporting ‘no explosives’ can be useful. The common 
uses\properties may be commented on, as above, to give the investigator\court an 
idea as to the possible sources of said material. 

Ultimately, the examiner’s responsibility is to provide accurate, authoritative, 
unbiased information to the investigators\court to aid in due process. 


7.6 Questions 


Explain the term ‘intact explosive.’ 

Define what a low explosive is and give two examples. 

Describe an appropriate analysis scheme for the identification of black powder. 
What is meant by single, double, and triple base smokeless powders? 

What analysis techniques could be used to identify a mixture of potassium 
perchlorate, sulfur, and aluminum? What would that mixture be called? 

List the three categories of high explosives and give two examples of each. 
What is meant by a ‘molecular’ high explosive? Draw two such structures. 
How should dynamites be packaged for submission to the forensic laboratory? 
What is a presumptive test and which ones are most commonly used by the 
forensic examiner? 
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Chapter 8 
Explosive Analysis: Introduction 
to Post-Blast Analysis 
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Learning Objectives 


e Understand scene collection and initial processing of evidence used to select an 
appropriate analytical scheme. 

e Understand analytical schemes and instrumentation for analyzing inorganic and 
organic explosive evidence. 

e Develop awareness of quality control procedures needed to eliminate or account 
for contamination. 


8.1 Introduction 


Post-blast analysis involves the chemical identification/determination of residual 
explosive compounds and/or the reaction products formed as the result of an 
explosion. Due to the destructive nature of an explosion, the examination of 
post-blast evidence is focused typically on the recovery and analysis of residues or 
trace levels of relevant compounds. 

A post-blast scene can range from small and localized (e.g., a pyrotechnic device 
exploding in a mailbox) to an expansive debris field with extensive damage (e.g., 
the 1995 bombing of the U.S. Federal building in Oklahoma City, Oklahoma). The 
proper collection of best evidence for chemical testing in a forensic laboratory 
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requires a logical and systematic approach based on the understanding of the 
chemistry and physics involved in an explosion created by chemical reactions. 
Specialized training is required for crime scene personnel assisting with a post-blast 
scenario. 

Generation of reliable data that can be used for valid scientific interpretation 
begins with collection practices at the scene. Field collection of evidence suitable 
for post-blast chemical analysis focuses on two main types of evidence. Physical 
items are the first type, which may be either directly associated with the explosive 
device or objects in the immediate vicinity of the explosive and may have chemical 
residues present on them. Examples include device components, containers, added 
enhancements (e.g., ball bearings, nails; to be discussed further in Chap. 9), 
clothing, and items damaged as a result of close proximity to the seat of the 
explosion. If these items can be easily collected and packaged, then they should be 
sent directly to the laboratory for chemical testing and any other probative forensic 
examinations. Ideally, packaging would be vapor tight (e.g., lined paint can with 
lid), but plastic bags and glass vials/jars generally are also sufficient. It should be 
noted that if the evidence is submitted in containers that are not vapor tight, the 
potential exists for the loss of volatile chemicals from the evidence. These vapors 
may also potentially contaminate evidence in close proximity. 

The second type of evidence collected on scene consists of articles used to 
remove chemical residues from the surface of items that are too large or cumber- 
some to send directly to the laboratory. These residues are recovered by wiping 
(swabbing) the selected surface with an absorbent material such as a cotton ball or 
gauze pad, then placing the swab into a proper packaging for transport to the 
laboratory [1]. The absorbent material (swab) may be dry or wetted with a solvent 
such as water or alcohol. This technique works best on non-porous surfaces such as 
metal or glass. Examples of items commonly swabbed on scene include street signs, 
vehicle surfaces (exterior and interior), table or bench tops, and damaged building 
edifices. An alternative collection technique for explosive residues from porous 
items such as cloth or carpet is vacuuming of the evidence item onto designated 
vacuum filters or adsorbent tubes, which are then submitted for laboratory analysis. 
While these collection techniques are acceptable, the submission of the actual item 
is preferable. 

Quality control (QC) measures are critical during field collection for post-blast 
residues to prevent and/or monitor possible contamination. At a minimum, clothing 
and gloves must be changed before sampling other post-blast or search scenes. Any 
collection tools such as tweezers, shovels, and brushes should be disposable or 
cleaned between items gathered. Unused swabbing material from the same lot or 
batch used for evidence collection should be packaged on scene and submitted as 
control samples in similar packaging. If a solvent is used to wet the swab material 
before collection, the control swab should be treated in a similar fashion. 
Additional QC samples can include swabbings taken of the gloves and clothing 
used by field personnel prior to collecting evidence. 

As discussed in Chap. 7, explosives can be classified into different categories 
based on their intended use or alternatively can be separated into high or low 
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Table 8.1 Commonly encountered organic explosives 


Nitrate Esters (-O—NO>) 

Ethylene glycol dinitrate (EGDN) 
Nitrocellulose (NC) 

Nitroglycerin (NG) 
Pentaerythritol tetranitrate (PETN) 
Erythritol tetranitrate (ETN) 
Nitramines (-N—NO>) 

RDX 

HMX 


Nitroaromatics (Ar—-NO>) 
Dinitrotoluene (DNT) isomers 
Trinitrotoluene (TNT) 

Picric acid 


Peroxides (-O—O-) 
TATP 
HMTD 


explosives based on their rate of reaction. Another way of grouping explosives is 
the elemental composition and/or molecular structure, with most explosives being 
classified as either organic or inorganic materials. Because different types of 
instrumental methods are typically used for organic and inorganic analyses, 
grouping explosives in this way helps the examiner select an appropriate analytical 
scheme. 

Organic explosives are monomolecular carbon-based compounds that also 
contain other elements such as oxygen, nitrogen, and hydrogen. Typical classes of 
organic explosives include nitroaromatics, nitramines, nitrate esters, and solid 
peroxide compounds, such as triacetone triperoxide (TATP) and hexamethylene 
triperoxide diamine (HMTD) (Table 8.1). 

Inorganic explosives generally do not have carbon-based constituents and 
include various mixtures with nitrate, chlorate, or perchlorate salts (e.g., ammonium 
nitrate, potassium perchlorate) as the oxidizer (Table 8.2). Some inorganic explo- 
sive materials may have organic compounds as a fuel (e.g., ascorbic acid in select 
black powder substitutes). 

The reaction products of organic explosives tend to be gases, with very little 
solid residues. Therefore, analysis for organic explosives focuses primarily on any 
traces of unreacted explosive left behind. Most inorganic explosives, on the other 
hand, often produce solid reaction products in addition to any gases formed. The 
analysis for inorganic explosives involves identifying these solid reaction products 
as well as any unreacted residual material. In general, the organic explosives are 
more soluble in non-aqueous solvents, such as dichloromethane or acetone, while 
some constituents of the inorganic explosives and their reaction products dissolve in 
water. As such, different analytical approaches are needed for the identification of 
the residues from various explosive materials. 


Table 8.2. Commonly 
encountered inorganic 
explosives 


Explosive (Oxidizers) 
Black powder (potassium nitrate) 


Pyrodex® (potassium nitrate, potassium perchlorate) 


Triple Seven®(potassium nitrate, potassium perchlorate) 


Pyrotechnic Compositions (nitrates, chlorates, perchlorates) 
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8.2 Post-Blast Analysis of Explosives 


As important as it is to adopt contamination prevention procedures during evi- 
dence collection, it is equally necessary to follow good laboratory practices while 
processing evidence for residues of explosives to minimize and monitor any 
potential intra-laboratory contamination. A comprehensive quality assurance pro- 
gram will encompass the preparation of proper negative controls during evidence 
examinations that account for all solvents, reagents, and supplies used in the pro- 
cessing of the evidence. Quality assurance practices for trace explosive analysis 
may also include monitoring laboratory examination space and immediate envi- 
ronment for potential contamination [2, 3]. 


8.2.1 Visual and Microscopical Examination 


Regardless of the type of evidence submitted or the chemical classification of the 
involved explosive, the first step in any post-blast analysis is to look at the evidence 
up close, with the naked eye and under magnification, which will assist the 
examiner in developing an analytical strategy. Certain explosives (e.g., black 
powder) produce substantial solid reaction products which may be deposited on 
objects such as the containers that enclosed the explosive when it initiated. A visual 
inspection of collected evidence may indicate selected items or areas on an item 
(e.g., with soot deposits) that are most likely to yield chemical information 
regarding explosives employed. It is important to note to minimize the amount of 
time conducting a visual inspection to avoid loss of more volatile compounds (e.g., 
EGDN). 

A careful visual inspection of evidence items under a microscope may reveal 
particles or grains of potential uninitiated explosive material suitable for analysis 
(Figs. 8.1 and 8.2). Any visible residues are collected by an effective method such 
as scraping or removal with tweezers. If a sufficient amount of residue is present, it 
may be analyzed using the same instrumentation as intact explosives (e.g., 
SEM-EDS, FTIR, XRD; see Chap. 7). The recognition through visual or micro- 
scopical inspection of small particles or grains with morphology or features char- 
acteristic of specific types of explosive compositions as described in Chap. 7 (e.g., 
smokeless powders) can also assist the examiner in reaching a more definitive 
conclusion about any chemical residues identified. 

The absence of visible residues on evidence items that exhibit damage associated 
with being near the seat of an explosion may also indicate the potential use of 
specific explosives that produce little to no solid residue upon initiation. For 
example, the solid peroxide-based explosives TATP and HMTD react to produce 
only gaseous products and leave behind no visible residue attributed to the 
explosives themselves. Even smokeless powders may leave little to no residue 
when fully consumed. 
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Fig. 8.1 Post-blast ammonium nitrate crystals on metal 


Fig. 8.2. Smokeless powder particle among debris embedded in pipe threads. Photographs 
courtesy of Edward Bender 


While examining the evidence macroscopically, damage to the evidence should 
be assessed. Are the items of evidence large or small (e.g., pipe fragments)? Is there 
residue present? Do metal fragments exhibit any damage characteristic of some 
high explosives (e.g., pitting, blueing)? These observations are noted, as they are 
indications of what type of explosive may have been used. 
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If the visual and microscopical examination has been conducted, and no visible, 
removable residues have been observed, the next step is to isolate or extract 
potential trace explosives from the evidence items for analysis. Typically, the items 
will first be treated to remove organic residues, then inorganic residues, unless the 
solvent is chosen such that the extraction is performed simultaneously. 


8.3 Post-Blast Analysis of Organic Explosives 


If an organic explosive is suspected, the explosives may be isolated using a vapor 
sampling technique or extracted with a solvent, such as acetone, ethanol, dichlor- 
omethane, methanol, or isopropanol, for a sufficient time to dissolve the explosive 
compounds into the solvent. Alternatively, a mixed solvent (e.g., an alcohol and 
water) can be used for extraction and apportioned for both organic and inorganic 
explosive analyses. Organic extracts can be evaporated gently to remove excess 
solvent and concentrate any extracted compounds. 

Many other compounds in addition to explosive-related chemicals may be 
present on evidence items recovered from a post-blast scene, including dirt, grease, 
soot, and even blood. As a consequence, solvent extracts may need to be processed 
through a clean-up step prior to instrumental analysis. Removing extracted con- 
taminants from the sample matrix will assist with method sensitivity and selectivity 
as well as reduce instrument fouling. Techniques such as syringe filtration and solid 
phase extraction (SPE) have been used to clean-up complex extracts such as soil 
and oily swabs [4-7]. SPE involves trapping organic molecules onto a solid 
adsorbent phase, typically within a disk or cartridge, while letting other 
non-retained compounds in the extract pass through the adsorbent. The analytes of 
interest are then removed by rinsing the SPE media with a strong organic solvent. 

Alternate extraction techniques can be applied to improve selectivity by reducing 
the number of co-extracted compounds from a sample. Adsorption techniques such 
as charcoal strips and solid phase microextraction (SPME), as discussed in Chap. 2, 
have been used successfully to adsorb explosives directly from water-based extracts 
as well as vapors of more volatile explosives released from gently heated evidence 
items [8-11]. 

After the sample has gone through any necessary filtration and clean-up steps, it 
is ready for instrumental analysis. 


8.3.1 Instrumental Analysis 


Once potential organic explosive residues have been isolated, the next steps in 
post-blast analysis are detection and identification of any analytes of interest in the 
samples. This often starts with an initial screening technique to provide a pre- 
sumptive indication of which samples have possible explosives in them. For 
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post-blast scenes with many submitted samples, this step can help reduce the 
number of samples that need to proceed to confirmatory analysis. Screening tech- 
niques for organic explosive residues typically involve gas or liquid chromatog- 
raphy coupled with detection such as chemiluminescence, electron capture, or 
photodiode array. These detectors are chosen due to their selectivity for chemical 
properties common to many organic explosives, such as the presence of 
nitrogen-containing functional groups, electronegative moieties, or aromatic fea- 
tures. The use of chromatography allows for the separation of potential explosives 
from the remainder of the “chemical soup” in the solvent extract. Ideal screening 
methods should be rapid and sensitive in order to quickly determine the most 
probative samples to pursue further. Ion Mobility Spectrometry (IMS) is a rapid and 
sensitive screening technique used for decades at transportation hubs, such as air- 
ports, to check for explosive residues on luggage and personnel. While its use in the 
laboratory setting to quickly evaluate items for traces of explosives has been 
reported [12—14], IMS has significant disadvantages including oversaturation and 
often conveying false positives and, therefore, is not commonly used in forensic 
laboratories. 

Screening tests can provide preliminary information about samples, but for final 
identification, samples with suspected explosives must be analyzed by a definitive 
technique. Confirmatory analysis of organic explosive residues usually involves 
chromatography coupled to a structural elucidation technique, the most common 
being mass spectrometry. 

GC-MS with electron ionization (EI) is used most often for residues of 
smokeless powder constituents such as organic additives (e.g., diphenylamine, 
methyl] or ethyl centralite, phthalate esters). Residues of the improvised explosive 
TATP have also been analyzed using SPME with GC-MS (EI). Certain organic 
explosive structural groups, such as the nitrate esters, fragment readily under EI 
conditions, yielding no molecular ion (Fig. 8.3). 

As discussed in Chap. 1, GC-MS with negative ion chemical ionization (NICD 
is a softer ionization technique that generally favors the production of a molecular 
ion with reduced mass fragmentation. NICI is highly sensitive for electronegative 
compounds and has been used successfully for the stand-alone identification of 
nitroaromatics such as trinitrotoluene (TNT) and dinitrotoluene (DNT) isomers 
(Fig. 8.4). It is also a good supplemental technique for the identification of 
nitroesters. 

LC-MS utilizing either ESI or APCI is effective for a wide range of organic 
explosives. LC-MS generally incorporates a softer ionization technique, allowing 
for better molecular weight information than GC-MS for labile compounds. In 
addition, some explosives may require the use of mobile phase additives (e.g., 
ammonium acetate, ammonium nitrate) to ensure proper ionization (Fig. 8.5). The 
most common operation mode for the LC-MS is full scan mode; however, other 
modes such as tandem mass spectrometry (MS/MS) have seen increased application 
to explosive analysis [15, 16]. 

In recent years, the commercial availability of high-resolution mass spectrom- 
eters has led to increased use of this instrumentation to improve specificity and 
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Fig. 8.3. EI mass spectra of nitroglycerin (nitrate ester) and trinitrotoluene (nitroaromatic). Both 
compounds have a nominal molecular weight of 227 
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Fig. 8.4 NICI mass spectrum of trinitrotoluene (TNT) 
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Fig. 8.5 LC-MS-ESI mass spectrum of nitroglycerin (NG) with nitrate adduct (M.W. 289) 


sensitivity for organic explosive analysis [16]. Techniques such as time-of-flight 
(TOF) mass spectrometry coupled to interfaces such as desorption electrospray 
ionization (DESI) or direct analysis in real time (DART) have allowed compound 
separations to be achieved based on mass resolution, thus minimizing the need for 


236 B. M. Crane Calhoun and R. F. Mothershead II 


traditional chromatographic techniques. This approach offers increased speed of 
analysis, selectivity, and sensitivity [17, 18]. High-resolution mass spectrometry is 
especially useful when coupled with chromatography. As the affordability of 
high-resolution mass spectrometers improves and more validation studies on its 
application to explosive analysis are published, the presence of these analytical 
tools should become more widespread in forensic explosives laboratories. 

Identification of a chemical for a forensic report typically includes at least two 
positive test results for the analyte of interest using separate test procedures. Ideally, 
at least one of the test methods involves a structural elucidation technique (e.g., 
spectroscopy or mass spectrometry). The use of multiple techniques that approach 
the analyte from “different angles” is often referred to as orthogonal testing, as 
discussed in Chap. 7. Provided that there is sufficiently complex spectral infor- 
mation, a single hyphenated instrument, such as GC-MS, may be sufficient. It can 
also be as simple as analyzing the same mixture by GC-MS on columns with two 
different chemistries, such that the retention order would be expected to change. 
Alternatively, the same instrument can be used, but with two different ionization 
methods. 


8.4 Post-Blast Analysis of Inorganic Explosives 


As an inorganic explosive undergoes a chemical reaction (i.e., an explosion), solid 
reaction products form which can be the targets of analysis. An example of this type 
of reaction is black powder [19]: 


10KNO3 + 8C + 3S — 3K 9SO4 + 2K2CO3 + 6 CO2 + 5No 


The post-blast products (K,SO, and K,CO; in the example) are often visible 
residues that can be scraped from the surface and analyzed relatively simply. Other 
reaction products result from the decomposition of a reactant as observed with 
explosives containing a perchlorate salt. For example, potassium perchlorate 
decomposes to potassium chloride and gaseous oxygen with the solid product 
amenable to identification. Table 8.3 lists possible reaction products that may be 
detected/identified in analysis of residues for commonly encountered inorganic 
explosives; some unreacted components may also be present. The utility of FTIR 
for making identification of components is limited due to mixtures of reaction 
products. 

If no residue is visible or a sufficient amount cannot be collected, a solvent 
extraction is conducted to collect any trace amount of inorganic explosives that may 
be present. Deionized water is the appropriate solvent for extraction due to the 
water solubility of many of the components from inorganic explosives. Hot water in 
particular is useful due to the increased solubility of compounds such as potassium 
chlorate and perchlorate [21], and extraction efficiency can be improved by using 
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Table 8.3. Some possible post-blast components of visible residues from inorganic explosives 
detected/identified by SEM-EDS, FTIR, and XRD [20] 


Explosive | Unreacted components SEM-EDS | XRD and/or FTIR 

Black KNO3, S, C O, S, K K,SO4, K2CO; 

Powder 

Pyrodex® KNO3, KC1O,, sodium benzoate, O, S, K, KCl, KSOx, 
cyanoguanidine, S$, C Cl K,CO3 

Triple KNO3, KC1O,, sodium benzoate, O, K, Cl KCl, K,CO3 

Seven® cyanoguanidine, sodium 3-nitro-benzoate, C 

Black KNO3, KCI1Oq, ascorbic acid, C O, K, Cl KCl 

Mz™ 

KCIO,/AI | KC1O,, Al O, Al, Cl, | KCl, KCIO;, 

mixture K Al,O3 


sonication. Typically, most of the extract is evaporated to recover any residue, 
while a portion is retained for ion analysis. 

An important aspect to preparing and analyzing extracts is to have a method 
blank of the solvent used for extraction to ensure that any ions identified are 
actually from the sample. This quality procedure becomes even more important 
when dealing with the extractions of swabs. A control swab is highly recommended 
to ensure any ions identified are not from the swab material. This is important 
because of the ubiquitous nature of many ions and will determine the consideration 
given to ions from the environment and/or collection materials. Additionally, the 
preparation of the extracts needs to be performed carefully, as targeted ions could 
be in the environment. For example, the use of a glass vial to store a water extract 
will cause leaching of sulfate ions from the glass into the extract, potentially 
minimizing the appearance of other ions in the final IC data. 

Similar to post-blast analysis of organic explosives, extracts need to go through a 
clean-up procedure, such as filtration, in which extraneous particles and debris are 
eliminated in order to increase the signal of the sample. The extent of the clean-up 
depends on the sample matrix, the detector, and sensitivity of the instrument being 
used (e.g., HPLC versus IC-MS). 


8.4.1 Instrumental Analysis 


Water extractions, now isolated and prepared, are analyzed by chromatographic 
separation techniques often coupled with confirmatory techniques such as mass 
spectrometers (e.g., IC-MS, LC-MS). 

As discussed in Chap. |, ion chromatography (IC) is a common separation 
technique which utilizes conductivity detection to screen for post-blast inorganic 
explosives. Different types of analytical columns may be used as long as there is 
good resolution and peak shape for the ions of interest. Multiple columns may also 
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need to be used in order to cover all of the targeted ions. IC is frequently coupled 
with mass spectrometry to create a confirmatory technique. Due to the sensitivity of 
the MS, the samples may need to be diluted based on their conductivity and filtered 
using a syringe filter. Depending on what ions are identified, the broad type of the 
original explosive may be refined. 

The most commonly encountered anions of interest associated with inorganic 
explosives are chloride, nitrite, nitrate, chlorate, benzoate, and perchlorate which 
can be identified using IC-MS (Figs. 8.6 and 8.7). Sulfur-containing mixtures can 
also produce sulfate, thiosulfate, and thiocyanate ions (Table 8.4). Ascorbic 
acid-based black powder substitutes are also recognizable since IC-MS can be used 
to identify three degradation products of ascorbic acid: monohydrated diketogu- 
lonate (m-DKG), oxalate, and threonate (Fig. 8.8) [22, 23]. However, the analysis 
of ascorbic acid-based black powder substitutes by IC-MS may be challenging due 
to chromatography restrictions and post-blast situations. The detection of cations 
may also be useful in determining possible oxidizers or fuels but may not be as 
probative as anion analysis. The cations of interest most commonly encountered are 
sodium, ammonium, potassium, magnesium, calcium, strontium, and barium. 
Cation detection may not be routinely conducted if a laboratory has the capabilities 
of identification of salts using techniques such as FTIR and/or XRD. 

The benefits of IC-MS for post-blast analysis are demonstrated by its ability to 
differentiate between residues of black powder and black powder substitutes 
(Fig. 8.9). Post-blast black powder may yield nitrite, nitrate, sulfate, and thio- 
cyanate ions. Black powder substitutes, which contain potassium perchlorate in the 
formulation, may yield residues that include chlorate and perchlorate anions. 
Depending on the original formulation of the black powder substitute, sulfate, 
thiosulfate, and benzoate ions may also be identified and can help distinguish 
between different types of black powder substitutes, like Pyrodex® and Triple 
Seven® (as discussed in Chap. 7). Sodium 3-nitrobenzoate, which converts to 
3-nitrobenzoic acid (3-NBA) in water, can also be added to the standard in order to 
differentiate between Pyrodex® and Triple Seven®. 

LC techniques, which may or may not be coupled with a mass spectrometer for 
confirmation, may be used in post-blast analysis of inorganic explosives. HPLC is 
useful in the differentiation between Pyrodex® and Triple Seven®. The compounds 
of interest are cyanoguanidine, 3-NBA, and benzoic acid. Benzoic acid forms from 
sodium benzoate in water in a similar fashion as 3-NBA, as discussed earlier. Each 
compound absorbs light in the UV region allowing detection by the photodiode 
array. LC, when coupled with an MS, has shown capabilities of detecting anions 
related to degradation products from ascorbic acid-based black powder substitutes 
[24]. Another chromatographic technique that may be used is CE. If a confirmatory 
technique such as MS is not used, CE can serve as a complementary technique to IC 
(25, 26]. It is important to note, however, that neither CE nor IC can be used as a 
stand-alone identification without a coupled confirmatory technique. 
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Fig. 8.6 Ion chromatograms of anion standards on analytical column AS18, with associated mass 
spectra for peaks 1—3(a) and 4—7(b) 
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Fig. 8.6 (continued) 
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Fig. 8.7 Ion chromatograms of anion standards on analytical column AS16, with associated mass 
spectra for peaks 8 and 9 


Table 8.4 Some possible post-blast anions and compounds from extracts of inorganic explosives 
detected/identified by IC-MS and HPLC [20] 


Explosive 


Unreacted Components 


IC-MS (anions) 


HPLC 


Black KNO;, S, C NO, , SO,7, NO; , $,03”, - 
Powder SCN- 
Pyrodex® KNOs, KCIO4, sodium benzoate, Cl’, NO, , SO,” , NO; , ClO; , | Cyanoguanidine, 
cyanoguanidine, S, C benzoate, $037, SCN , ClO,” benzoic acid 
Triple KNO3, KCIO,, sodium benzoate, Cl’, NO, , NO; , ClO; , Cyanoguanidine, 
Seven® cyanoguanidine, sodium 3-nitro-benzoate, | benzoate, 3-NBA, ClO, — 3-NBA, benzoic 
Cc acid 
Black KNO3, KCIOq, ascorbic acid, C Cl’, NOz, , NO3 , ClO; , - 
Mz™ ClO, , threonate, m-DKG, 
oxalate 
KCIO,/ KC1O,, Al Cl, ClO; , ClO, ~ - 
Al 


mixture 
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Fig. 8.8 Ion chromatogram of ascorbic acid standard on analytical column AS18, with associated 
mass spectra for three degradation products (peaks 10-12) of ascorbic acid 
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Fig. 8.9 Ion chromatograms of post-combustion Black Powder, Pyrodex®, Triple Seven® and 
Black MZ™ on analytical column AS18. See Fig. 8.6 for numbered peak assignments 
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8.5 Interpretation and Reporting of Results 


While the analysis of explosive residues from a post-blast crime scene can be 
time-consuming, the true challenge can arise when the resultant data needs to be 
interpreted and reported. The responsibility of the forensic chemist is to not only 
document the results of the chemical testing, but to also explain how the presence of 
those specific chemicals may relate back to the use of an explosive or explosive 
mixture. 

For all explosive residues, the challenge lies principally in the likelihood of any 
parent explosive being present on a specific item examined in the laboratory and the 
likelihood of that particular explosive compound being present in the environment 
[27-30]. Certain monomolecular compounds, such as TNT or RDX, are almost 
exclusively produced and used as explosives; therefore, residues of these chemicals 
have stronger potential correlation to the explosive event. Proper comparison 
samples from the scene and control samples addressing both field and laboratory 
work will assist in assigning eventual significance to the presence of these residues. 
On the other hand, the presence of NG could be a result of its use in an explosive 
material (e.g., double-base smokeless powder or some dynamites), but it could also 
originate from other sources (e.g., some heart medications). Where the specific 
residue is identified can assist with determinations of the significance of its pres- 
ence. Residues of NG on the inner surfaces of a pipe fragment with indications of 
explosive damage may be less likely due to non-explosive sources than residues 
identified on the outer surfaces of such items or on clothing from a person with a 
history of heart conditions. 

For inorganic explosives, the residue may be from unreacted material as well as 
reaction products, many of which can have multiple sources common to the 
environment. For example, the presence of potassium, nitrate, chloride, and sulfate 
ions may be the result of an explosive mixture that includes potassium nitrate, 
sulfur, and a chlorate or perchlorate component, but these ions could be present on 
the evidence due to one or more other sources. If an inorganic explosive is placed 
inside of a device made with polyvinyl chloride (PVC) pipe, a chloride salt could be 
formed whether the explosive has a chlorine source in it or not [31] resulting in an 
identification of chloride ions in IC-MS data. Soil samples in particular will have 
numerous inorganic species (e.g., nitrate, chloride, sulfate, perchlorate) that can 
complicate the interpretation of residue results [32]. Nitrate salts, for example, are 
commonly found in fertilizers and some deicing products. The substrate and the 
relative abundance of various anions must be taken into account during 
interpretation. 

It is also important to know the manufacturing processes for explosives as it may 
help with interpretation of analytical results. For example, the Vice President of 
Operations for Hodgdon Powder Company has confirmed that Pyrodex® and Triple 
Seven® are manufactured with the same equipment (Brad Schick, June 11, 2018). 
Therefore, it is possible there is a trace amount of sulfur-containing compounds in 
Triple Seven despite the bulk formulation being sulfur-free. As seen in Fig. 8.9, it 
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is possible for sensitive instrumentation to pick up remnants and reaction products 
resulting from the unintended inclusion of extraneous compounds. 

The forensic chemist must consider the compilation of all chemical species 
found and the nature of the evidence item examined, along with its potential 
handling and environmental exposure history, in order to provide valid and valuable 
interpretation to the analytical results. 

As with reporting intact explosives, different approaches can be taken to provide 
various amount of information to the investigator/court. One approach may be to 
only include analytical results such as ions and compounds identified, without any 
interpretation. However, this may be confusing or uninformative to a reader without 
relevant scientific background. To address any confusion, a conclusion could follow 
in the report to interpret the information for the lay audience. Another approach is to 
simply provide a conclusion of the type of explosive, if present. 


8.6 Summary 


Post-blast analysis encompasses the examination of both visible and microscopic 
residues left behind after an explosive event, focusing on chemical evidence for the 
explosive material involved. Quality control measures to prevent or minimize 
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Fig. 8.10 Example of a flowchart for post-blast analysis 
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contamination of evidentiary items begin during evidence collection and extend 
through the laboratory examination process. There are a broad variety of techniques 
and solvents that can be used for the isolation or extraction of post-blast residues, 
and the method used will vary depending on laboratory protocol and instrumental 
capabilities. Packaging materials may also indicate what type of techniques are 
possible (e.g., vapor tight containers allow vapor analysis). Figure 8.10 provides an 
example of a logical strategy to address a comprehensive analysis with typical 
instrumentation. Post-blast analysis is not a linear analysis as a combination of 
inorganic and organic explosives may be used in a device. This is evident in the 
case studies discussed in the following section. 


8.7 Case Studies 


8.7.1 Case Study 1 (Post-Blast Analysis for Organic 
Residues) 


Scenario 


An explosion occurred at a local business establishment involving a suspected pipe 
bomb. The device had been placed at the base of a door. The explosion damaged 
the door and building and sent fragmentation into the surrounding neighborhood. 
Evidence was located approximately 250 yards from the blast seat. Submitted to the 
laboratory for analysis were pieces of apparent metal pipe and threaded end caps, all 
exhibiting extensive damage (Figs. 8.11 and 8.12). 


Analytical Results 


The metal fragments were inspected, and no visible residues were observed. As 
such, selected inner surfaces were rinsed with acetone to remove any organic 
residues and separate inner surfaces rinsed with deionized water to remove 


Fig. 8.11 Item 1 large metal piece with threads: a inner curvature surface, b outer curvature 
surface. Reference scale is marked as inches 
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Fig. 8.12 Item 2 small metal piece with threads: a edge surface, b inner threaded surface. 
Reference scale is marked as inches 


inorganic species. The acetone extracts were analyzed by GC-ECD to screen for 
explosives and related organic compounds, followed by analysis with GC-MS and 
LC-MS. Residues of nitroglycerin, diphenylamine, ethyl centralite, and 
2,4-dinitrotoluene, common smokeless powder additives, were identified on Items 1 
and 2. 

Figure 8.13 depicts the GC-ECD chromatogram for the Item 1 acetone extract. 
The GC-MS-EI total ion chromatogram (TIC) for the Item 1 extract and extracted 


NG 
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Time (min) 


Fig. 8.13. GC-ECD chromatogram for Item 1 
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ion chromatograms (EICs) for identified analytes common to smokeless powders 
are displayed in Fig. 8.14. 
No inorganic analytes of interest were detected in the water extracts. 


Interpretation of Results and Reporting 


While nitroglycerin by itself may have non-explosive sources, the presence of the 
other explosive-related compounds allows for more definitive conclusions. 
Examples of possible wording for reporting the results would be as follows: 


Nitroglycerin, ethyl centralite, diphenylamine and dinitrotoluene were identified on Items | 
and 2. These components can be found in some smokeless powder formulations. Smokeless 
powders are low explosive products used as ammunition propellants. 


Components of double-base smokeless powder were identified on Items | and 2. 


8.7.2 Case Study 2 (Post-Blast Analysis for Inorganic 
Residues) 


Scenario 


An explosion occurred from an exploding target product placed in an appliance and 
initiated by the impact of a projectile from a firearm. The appliance parts were 
collected for submission to the laboratory for post-blast analysis (Figs. 8.15 and 
8.16). 


Analytical Results 


Upon visual examination, translucent white crystals were observed on the inner 
panels. The residue was collected by scraping and analyzed by SEM-EDS and 
XRD. The XRD of the scraped residue exhibited preferred orientation (Fig. 8.17; 
see Chap. 1). Therefore, the scraped residue was further processed using water 
dissolution and filtration. The soluble portion was dried, and the recrystallized 
residue was analyzed by SEM-EDS and XRD (Fig. 8.18). 


Interpretation of Results and Reporting 


The data provided a clear identification of ammonium nitrate crystals which may be 
reported as in the following examples: 


Ammonium nitrate residue was present. 


Ammonium nitrate was identified on the item examined. Ammonium nitrate is a component 
of some exploding target formulations. 


As ammonium nitrate is present in explosives (e.g., ANFO) and commercial 
products (e.g., fertilizer), examples of each may be reported as well. The decision to 
include usage examples may depend upon the circumstances of the case as well as 
the analytical results. 
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Fig. 8.14 GC-MS-EI total ion chromatogram (bottom) and extracted ion chromatograms (top) for 
Item 1: NG (m/z 46), dinitrotoluene (m/z 165), diphenylamine (m/z 169), ethyl centralite (m/z 268) 
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Fig. 8.15 Crystalline material visible on an appliance part 


Fig. 8.16 Crystalline material scraped from an appliance part 
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Fig. 8.17 XRD of scraped residue 
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Fig. 8.18 XRD of scraped residue after clean-up procedure 
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8.7.3 Case Study 3 (Post-Blast Analysis for Inorganic 
and Organic Residues) 


Scenario 


A suspected pipe bomb was recovered and functioned while bomb technicians were 
attempting to render the device safe. The pipe, end caps (Fig. 8.19), and source of 
initiation were collected and submitted to the laboratory for processing. 


Analytical Results 


Residues were observed during the visual examination. A small amount was col- 
lected and analyzed by FTIR, but the data were inconclusive. The residues were 
further analyzed by SEM-EDS (Fig. 8.20) and XRD. The data suggested a black 
powder substitute such as Pyrodex® and Triple Seven®. Due to the chlorine and 
potassium chloride indicated, the residues were dissolved and analyzed by IC-MS 
and HPLC. 

The pipe and end caps were rinsed with dichloromethane in order to screen for 
organic explosives. The extract was analyzed by GC-MS and LC-QTOF, which 
yielded the identification of 2,4-dinitrotoluene and nitroglycerin, components found 
in smokeless powder. 


Interpretation of Results and Reporting 


The analytical data in Table 8.5 would be interpreted collectively to determine the 
inorganic explosive while considering non-explosive contributions. For example, 
the elements Zn and Fe in the SEM-EDS data were likely from the galvanized pipe 
(see Chap. 9 for further discussion on pipes). The results from the inorganic and 
organic analyses would both be reported with the following as an example of 
suitable wording: 


Post-combustion residues chemically consistent with Pyrodex®were identified. Pyrodex®is 
a black powder substitute manufactured by Hodgdon Powder Company. Nitroglycerin and 
2,4-dinitrotoluene (DNT), chemical components found in smokeless powder, were identi- 
fied in an extract of the pipe nipple and end caps. 
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Fig. 8.19 Pipe and end caps 
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Fig. 8.20 SEM-EDS of collected residues. Zn and Fe likely contributions from the galvanized 
pipe and/or galvanized cast iron end caps 


Table 8.5 Results from the analysis of inorganic residues 


SEM-EDS K, Cl, O, Zn, S, C, Fe 

FTIR Inconclusive 

XRD SiO2, K2SO4, KCI (weak) 

IC-MS Cl, NO, (weak), SO,7, NO; , ClO; , Benzoate, S,0;” , SCN" 
HPLC Benzoic acid, Cyanoguanidine 


8.8 Questions 


1. What practices should be taken at the crime scene to minimize and monitor the 
potential for contamination of explosives? 

2. What instruments are commonly used in both intact and post-blast analysis? 

3. What is the importance of including method blanks and control samples in 
analysis of extractions? 

4. What is an example of a nitroaromatic explosive? 

5. What explosive is indicated by the following data: K,SO, by XRD; O, S and K 
by SEM-EDS; and NO, , SO,” , NO3 , S:03;* and SCN by IC-MS? 

6. What are two examples of organic solvent employed in the extraction for 
organic explosives? 
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7. If no residues are observed after drying down a water extract for inorganic 
explosives, what is a possible next step? 

8. What is a principle challenge for the interpretation and reporting of post-blast 
analytical results? 
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Chapter 9 () 
Explosive Device Componentry 
and Evaluation 


Kirk Yeager and John Jermain 


Learning Objectives 


e Recognize what is meant by an improvised explosive device (IED) and the types 
of evidence collected in bombing investigations. 

e Recognize the types of components typically utilized to produce explosive or 
incendiary devices. 

e Understand the process utilized in the forensic exploitation of explosive devices, 
and the conclusions reached by examiners through these examinations. 


9.1 Introduction 


From the time alchemists discovered explosive compounds and mixtures, they have 
been used to produce contrivances that explode. Such devices came to be known as 
“bombs.” Bombs outside their application by military forces went by many names 
over the centuries ranging from the historically poetic “Infernal Machine” to the 
current day “IED.” Regardless of what name they went by, they shared a common 
purpose. Even though bombers may on occasion turn to military ordnance to 
commit their crimes, this chapter will focus solely on the analysis of improvised 
explosive devices. 

Current military training manuals define improvised explosive device (IED) as 
“A device placed or fabricated in an improvised manner incorporating destructive, 
lethal, noxious, pyrotechnic, or incendiary chemicals and designed to destroy, 


K. Yeager (DX) 
Federal Bureau of Investigation, Quantico, VA, USA 


J. Jermain 
Bureau of Alcohol, Tobacco, Firearms and Explosives, Huntsville, AL, USA 


© Springer Nature Switzerland AG 2019 257 
K. Evans-Nguyen and K. Hutches (eds.), Forensic Analysis of Fire Debris 
and Explosives, https://doi.org/10.1007/978-3-030-25834-4_9 


258 K. Yeager and J. Jermain 


incapacitate, harass, or distract. It may incorporate military stores, but is normally 
devised from nonmilitary components [1].” In all manifestations, these devices 
possess the shared attribute that they are designed to damage, hurt, or kill. 

These devices have also been defined for purposes of the law. In the legal world, 
a bomb may often be referred to as a “destructive device.” The definition of what 
constitutes a destructive device can vary from jurisdiction to jurisdiction. For 
example, this is a section from the definition of a destructive device used at the 
federal level: 


Any explosive, incendiary, or poison gas—({i) bomb, (ii) grenade, (iii) rocket having a 
propellant charge of more than four ounces, (iv) missile having an explosive or incendiary 
charge of more than one-quarter ounce, (v) mine, or (vi) device similar to any of the devices 
described in the preceding clauses [2]. 


This chapter will cover the components typically used to produce an IED, as 
opposed to the actual explosive/explosive residues discussed in Chaps. 7 and 8. 
Although the forensic examinations applied in analyses of IEDs will be presented, 
discussions of legal interpretations are beyond the scope of this book. 


9.2. Overview of IED Construction 


To fully understand the vast array of materials that can be used to produce an IED, a 
higher-level overview of their construction is required. Every IED consists of two 
basic pieces: an explosive charge and some means of initiating the explosive. 
Obviously, an IED would be difficult to produce without incorporation of a material 
capable of exploding. The mechanism utilized to initiate the explosive is referred to 
as the fuzing system or initiating system. 

Fuzing systems are categorized as one of two types: electric or non-electric. The 
characteristic which differentiates the two is whether or not electricity is required in 
the operation of the system’s mechanisms. An electric fuzing system requires an 
electric current for it to function. No such current is required in a non-electric fuzing 
system. 


9.2.1 Non-electric Fuzing Systems 


Non-electric fuzing systems tend to be the most rudimentary. All function by 
introducing heat in some form into the explosive. Heat is imparted into the 
explosive through either mechanical or chemical means. In mechanical systems, 
impact is often used to introduce energy. The striking of a gun’s firing pin against a 
cartridge’s primer is an example of this type of mechanical energy transfer into heat 
energy. This same energy transfer is also seen utilized in the spring-loaded strikers 
used to initiate hand grenades. 
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In non-electric systems utilizing chemistry, chemical reactions are responsible 
for introducing the heat needed to initiate the IED. The classic chemical system is a 
burning length of time fuse (not to be confused with fuze; see inset). Time fuse 
consists of the explosive black powder encased in a weather-resistant covering 
designed to transmit a chemical burning reaction at a predictable rate. 


Fuse - a length of material 
along which a small flame 
moves to initiate an 
explosive. 


Fuze - a mechanism used to 
initiate an IED. 


Another method of initiation uses chemical reactions that create spontaneous 
ignitions. These hypergolic reactions, which will be discussed further in Chap. 10, 
can result when two highly reactive chemicals are brought in contact with each 
other. If the proper chemicals are selected, they can react violently enough to 
produce combustion and flame. Hypergolic reactions have been used for decades to 
initiate IEDs. On Christmas Day 2009, while aboard a transatlantic flight, Umar 
Farouk Abdulmutallab pushed the plunger of a syringe containing just such a 
combination of chemicals. Within seconds, they combusted and set off part of the 
fuzing system of an IED secreted in his underwear. In this case, a failure in other 
parts of the fuzing system resulted in its failure to initiate his main explosive charge. 


9.2.2 Electric Fuzing Systems 


Electric fuzing systems are more diverse than non-electrics as a much broader array 
of components can be applied to their production. An electric fuzing system, such 
as the one shown in Fig. 9.1, contains four main parts; a “load,” a power source, a 


Fig. 9.1 Electric fuzing Load 
system [3] 
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conductor, and at least one switch. In this application, “load” is the technical term 
for the component in the system which supplies the energy to initiate the IED. 
Loads will be discussed in much greater detail in the componentry section. 

Electric fuzing systems rely on electricity to generate the energy required to 
initiate an IED. For them to function, there must be a source of electrical current. In 
most cases, the power source for an IED is a battery of some sort. Batteries provide 
mobility to IEDs, and mobility introduces flexibility in placement. Using household 
current is a possibility, but it is rarely applied as a power source in electric systems 
because it limits the mobility of the IED. 

To get current from the power source to the load, a conductor is required. Most 
electric systems use copper wire to serve as the conductor. In more sophisticated 
devices, the conductor can also incorporate circuit boards with electronic 
components. 

A critical part of the electric fuzing system is the switch. The switch is what 
allows current to flow from the power source through the conductor into the load at 
a time and place theoretically selected by the bomber. Two general types of 
switches exist: an arming switch (“safe arm”) and a firing switch (“trigger”). 
Every IED that uses an electric fusing system requires a firing switch for it to 
function. An arming switch can be present to add an increased degree of safety for 
the perpetrator. Figure 9.2 shows a simulation of an IED. Two switches are seen in 
the IED. The arming switch at the top must be activated before the tripwire will be 
able to function the mousetrap firing switch. The mousetrap switch consists of a 
screw inserted into the wooden base of the mousetrap. A small piece of wood 
attached to a piece of fishing line is placed between the screw and the metal swing 
arm of the trap. When the wood is pulled out by the fishing line, the swing arm 
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Fig. 9.2, IED components assembled 


9 Explosive Device Componentry and Evaluation 261 


touches the screw, electrical contact is made, and the device functions. A 9 V 
battery serves as a power source. The load is a detonator seen inserted into the main 
charge explosive. The flow of electricity from the battery to the detonator can be 
traced by following the wiring used as the conductor. There are a wide variety of 
switches that can be used in an IED. Numerous examples will be discussed in the 
componentry section of this chapter. 


9.3. Forensic Examinations of IEDs 


Explosive device examinations are carried out by a broad array of laboratories 
worldwide. This type of analysis is not limited to law enforcement, as it is appli- 
cable to the analysis of IEDs recovered in war zones as well as those utilized in 
criminal acts. Regardless of the end use of an IED, the forensic science dedicated 
solely to the device construction and analyses brought to bear in this discipline will 
be focused to two areas: identification of device components and determination of 
device functionality. Examiners strive to understand what items were used to 
construct an IED, and how the components utilized to produce it worked in concert 
to make it explode. 

Examinations of device components consist of identifying the constituent parts 
used in construction and exploiting them for forensic information of value. A more 
detailed description of the types of components typically found in IEDs will be 
presented in Sect. 9.4. When examining components, forensic scientists conduct a 
wide variety of analyses of their physical attributes which may involve: 


(1) gauging and analyzing wire; 

(2) analyzing physical and chemical make-up of wire/connector insulation; 

(3) measuring/determining pipe or end cap dimensions; 

(4) measuring and analyzing enhancements added to the device (nails, screws, 
shot, BBs, etc.) and/or fragments from an exploded device’s housing and fuzing 
system (pipe, grenade, etc.). 


Examiners will often compare device components to exemplars, if available, in 
order to identify components. An example of this process will be provided in 
Sect. 9.3.3. 

The goal of the explosive device “functionality” examination is to determine 
both the characteristics of how a device, or its constituent parts, was arranged and 
the manner in which the assembled components could work in concert to create an 
IED. Each organization may divide responsibilities for such examinations in a 
different fashion (as previously discussed in Chap. 7). However, anyone analyzing 
a device’s functionality must follow a similar set of logical steps. 

Device functionality examinations focus on the fuzing system and componentry 
used in the IED itself. The methodology applied by forensic examiners who focus 
on explosive devices can be broken down into five steps: 
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(1) Segregation—items present in evidence are reviewed to determine those both 
relevant and not relevant to the IED, with those judged as relevant separated 
for further examination. 

(2) Recognition—submitted specimens are examined with the intent of finding 
items which could potentially function in the capacity of components of an IED. 

(3) Identification—determine what types of components are present in submitted 
specimens and their potential sources. 

(4) Function Determination—attempt to ascertain items’ roles in the device being 
examined. 

(5) Comparison—compare device componentry to items of evidence seized from a 
suspect, or comparisons of separate devices, such as those used in serial 
bombings. 


Depending on the nature of the submitted specimens, it may not be possible to take 
every item of evidence through these five steps. They are provided only as an 
outline of the approach taken by an examiner while conducting the analysis of 
evidence. They may be conducted in parallel or in any logical sequence depending 
on the nature of the evidence. Different organizations may use different nomen- 
clature when referring to these steps, but all explosive device examinations follow 
the logic outlined. The FBI forensic analysis of the Collar Bomb illustrates these 
steps. 

On Thursday, August 28, 2003, at approximately 2:30 PM Brian Wells walked 
into the PNC Bank in Erie, PA with a homemade shotgun in one hand and a ticking 
time bomb strapped around his neck. Within an hour the IED would explode, 
killing Wells instantaneously and launching a 7-year investigation. The Collar 
Bomb employed many unique components and required an extensive analysis to 
discern how it was assembled and functioned. 


9.3.1 Segregation 


IEDs can be constructed from numerous commercially available or homemade 
items. Often items submitted as evidence to the laboratory as part of a bombing 
investigation were not part of the IED and may consist of background debris from 
the bombing scene. The segregation process involves the separation of items of 
potential forensic value for further examinations by either bombing specialists or 
forensic examiners from relevant disciplines. 

An example of segregation is provided in Fig. 9.3. The picture shows the 
contents of one bag of evidence sent in during the Collar Bomb investigation. When 
an IED explodes, it can severely damage the container used to house it and the 
components of its fuzing system. Often, this makes it very challenging to determine 
what evidence submitted was actually part of the IED, and what items might have 
been “background materials,” or items present on scene damaged by the explosion. 
Often careful examination of the surrounding area will have to be conducted to 
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Fig. 9.3. Segregation of 
evidence 


allow true segregation of items relevant to an IED. For example, in a car bomb it 
may be necessary to look at the wiring of the vehicle itself to segregate out damaged 
vehicle wiring from wiring used to construct the IED. 

Items initially segregated from the Collar Bomb submission for further analysis 
(circled in Fig. 9.3) consisted of circuit board fragments (lower left), thin white 
plastic fragments, and thick brown pressboard fragments (bottom). Pieces of broken 
glass (middle right) were segregated out, judged to have not come from the device. 


9.3.2 Recognition 


The recognition step involves a visual examination of the segregated items in an 
attempt to assign general attributes, or class characteristics, to items that could 
potentially function as parts of the fuzing system, concealment container, or added 
enhancements. 

During the early stages of the Collar Bomb analysis, various items were quickly 
recognized. Depicted in Fig. 9.4 are multiple sections of a circuit board (upper left), 
small shotgun pellets (below the circuit board fragments), and a length of red 
wiring. All of these were recognized for the role they could have played in an IED. 
The brown pressboard (seen lower left) was segregated out due to the explosive 
damage it exhibited and the lack of any such material native to the scene of the 
explosion. During the early stages of the analysis, its function in the device was not 
recognized, nor was it possible to identify the material of which it was comprised. 
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Fig. 9.4 Recognition of 
device components 


9.3.3 Identification 


The concept of identification utilized in device examinations is somewhat different 
from that applied in other forensic disciplines in that the identification of a par- 
ticular component does not designate the determination of a component’s origin to 
the exclusion of all other possible sources. That is, the use of the term does not 
imply that the item’s origin is linked with a specific individual. The term identi- 
fication is used in device examinations to designate the types of IED components 
that are present in the evidence and their potential manufacturing sources. 

Pictured in Fig. 9.5 is an identification eventually made in the Collar Bomb case. 
The fragment of green label in the top portion of the picture was recognized as the 
thin metal skin from a battery. Enough unique markings were left on the skin to 
eventually lead to identification as an AA battery from a particular manufacturer. In 
addition, other pieces of evidence analyzed revealed that fragments of an electronic 
timer were contained in the evidence. When the timer type and model were iden- 
tified, it was discovered that this timer was sold with the same make and model of 
battery previously identified in the evidence. 


9.3.4 Function Determination 


Once all of the components have been identified to their fullest extent, attempts to 
determine their role in the functioning of the IED are made. It is emphasized in this 
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Fig. 9.5 Identification of 
battery fragment 
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step that the destruction created by the forces from the explosion of an IED may 
render a definitive determination of how it functioned impossible. The forensic 
examiner may be limited to only logical conjecture on the role of the components in 
the functioning of the IED, as well as exactly how the IED might have been 
constructed and functioned as a whole. Education, training, and experience must be 
used to deduce the most logical functioning of the device. It is also essential to 
recognize on occasion that more than one hypothesis to a device’s functioning 
might be possible. 

Pictured in Fig. 9.6 is a long metal bar segregated out of the evidence submitted 
in the Collar Bomb case. It was obvious this had to be part of the IED, as it was 
custom made and heavily damaged. The apparent custom fabrication negated the 
need to try to identify any commercial source for the item. 

Function determination for this item was particularly challenging. The battery 
depicted earlier was a potential power source for the IED. It took months before the 
bar’s use could be ascertained. Pictured in Fig. 9.7 is the component put back in 
place in the reconstructed IED. It is worth noting that the thick brown pressboard 
material seen earlier was eventually identified as Masonite, a type of engineered 
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Fig. 9.6 Long metal bar submitted to laboratory 
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Fig. 9.7 Metal bar put in 
place in reconstructed device 


wood product seen in construction. The function of this Masonite was eventually 
determined to be part of a structure built to hold two kitchen timers in place. The 
metal bar can be seen sitting on top of grooves cut into the Masonite timer housing. 

It was determined that the metal bar served as a way to deactivate the IED if the 
proper sequence of events was carried out. This determination was made by 
reconstructing the IED from the fragments and ascertaining how the metal bar fit 
into various other IED components. The bar was modified with the addition of a 
thick layer of glue on one end to allow it to block another metal bar attached to one 
of the kitchen timers from contacting a screw drilled into that timer’s face. Thus, the 
timer acted as a switch and the metal bar as a way of blocking that switch from 
closing. 


9.3.5 Comparison 


There are two general types of comparison examinations that occur in the discipline 
of explosive devices’ examinations: IED/known origin comparisons (between the 
components of an IED and items of known origin), and inter-device comparisons 
(between the components of multiple IEDs). In both examinations, comparisons are 
made between the observable, physical characteristics of various items to determine 
if they are similar. Simple observable characteristics such as shapes, colors, or 
markings on the components may be compared. The examinations may also involve 
the comparison of measured physical characteristics such as length, diameter, 
width, weight, and thickness of the components. In addition, chemical analysis may 
be utilized for some components in an attempt to further discriminate items that are 
believed to be similar. 


9 Explosive Device Componentry and Evaluation 267 


To show an example of both types of comparisons, the Unabomber case will be 
used. In 1978, Theodore Kaczynski produced his first, primitive homemade IED 
which exploded at a Chicago university. Over the next 17 years, he mailed or 
hand-delivered a series of increasingly sophisticated IEDs that killed three 
Americans and injured 24 more. In 1979, an FBI-led task force was formed to 
investigate the “UNABOM” case, code-named for the UNiversity and Airline 
BOMbing targets involved. The task force would grow to more than 150 full-time 
investigators, examiners, and others. In search of clues, the team made every 
possible forensic examination of recovered IED components and studied the lives 
of victims in minute detail. These efforts proved of little use in identifying the 
bomber, who took pains to leave no forensic evidence, building his IEDs essentially 
from “scrap” materials available almost anywhere. Victims, investigators later 
learned, were chosen randomly from library research. 

Ted Kaczynski deployed 16 IEDs during his serial bombing campaign. Early on, 
it became very important to determine if a device that exploded was his handiwork, 
requiring inter-device comparisons. When Kaczynski’s cabin was searched, a fully 
completed IED was found under his bed, ready to be mailed off to his next victim. 
This yielded rich evidence to enable comparisons against previous devices attrib- 
uted to him. 

Seen in Fig. 9.8 are three of Kaczynski’s switches from his 13th, 14th, and 15th 
devices. One way these devices were linked, post-blast, was the presence of this 
unique homemade switch. When the search warrant was conducted on his cabin, it 
turned up a fully assembled switch (seen far right). The relationship between this 
intact switch and the remnants of those utilized in previous devices is obvious. This 
comparison was utilized as a part of the evidence that linked Kaczynski with the 
earlier devices. 
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Fig. 9.8 Unabomber switches 
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9.4 Components of an IED 


Components encountered in an IED will vary greatly depending upon the explo- 
sives being utilized and the intended target of the bomber. If a low explosive, such 
as black powder, is the main charge in the device, then some type of confinement to 
create pressure build-up will be necessary in order to create an explosion, as dis- 
cussed in Chap. 7. A high explosive, on the other hand, does not require con- 
finement to create an explosion. However, most high explosives employ a more 
complex fuzing system than a simple length of pyrotechnic fuse. Depending upon 
the intended target of the bomber and the ability of the bomb maker, the compo- 
nents encountered in an IED may be very simple or quite complex. 
A victim-operated device will tend to have a complex fuzing system, which may 
have an arming switch to allow the bomber to transport the explosive device safely, 
as well as a firing switch to initiate the explosive charge, as seen in Fig. 9.9. The 
bomber may also add enhancements, such as nails and BBs, to the IED to increase 
lethality. However, if the IED is intended solely to cause property damage, the 
fuzing system may simply consist of a length of pyrotechnic fuse. 

The five most commonly encountered components of an IED are a switch, a 
power source, an initiator, a container, and the explosive main charge. The acronym 
“SPICE” (Switch, Power source, Initiator, Container, and Explosive) can be 
used to help investigators remember these components. First responder training 
often simplifies this to PIES (Power Source, Initiator, Explosive, and Switch). 
Depending on the construction of the IED, not all of these components will 


Fig. 9.9 An electric fuzing system consisting of a kitchen timer (arming switch) and a mouse trap 
(firing switch) 
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necessarily be encountered. In some cases, additional components, such as 
enhancements, will be utilized. 


9.4.1 Switches 


A variety of switches, from commercial to improvised, may be employed to either 
trigger the explosive device to function or to arm the explosive device to allow the 
bomber to transport it without it going off prematurely. No matter what type of 
switch is being used, it will function in one of three ways: command-operated, 
time-operated, or victim-operated. Below is a list of some switch types that can 
be incorporated into the fuzing system of an IED: 


* Anti-disturbance * Chemical delay * Magnetic 

* Photo cell * Pressure * Proximity 

* Radio controlled « Tension-based ¢ Timing mechanism 
* Trembler * Vibration 


A command-operated switch is activated by the bomber, who has control at the 
moment of initiation. This type of switch can include a cellular phone, a two-way 
radio transceiver, a toy remote controller, or a car alarm remote. A time-operated 
switch is activated at a predetermined time selected by the bomber. This type of 
switch can include a kitchen timer, an electronic watch, a length of pyrotechnic 
fuse, or a chemical reaction that can be used to initiate the explosive. 
A victim-operated switch is activated by the actions of an unknowing individual/ 
victim. This type of switch can include a pressure switch such as a microswitch, a 
tension switch such as a toggle switch, or a trembler switch such as a mercury 
switch. 

In some instances, an improvised switch can be used in place of a commercially 
purchased switch. Figure 9.10 shows an improvised victim-operated switch com- 
posed of a loop of copper wire and a screw on a spring. Vibrations cause the screw 
to sway and make contact with the copper loop and thus set off the IED. When 
analyzing evidence collected from a post-blast scene, the switch will generally 
survive the explosion, though it may have fragmented into several pieces. If the 
switch used in the explosive device was commercially manufactured, such as from 
the internal components from a remote-control car or a microswitch, it may be 
possible to determine the original manufacturer from markings on the switch. 


9.4.2 Initiators 


The method used to initiate an IED will differ depending on the explosive charge 
present. As mentioned in Chap. 7, low explosives, such as black powder, can be 
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Fig. 9.10 An electric fuzing system consisting of an improvised trembler switch 


initiated by heat from an exposed filament or a flame source. Primary explosives, 
such as lead styphnate and TATP, can also be initiated in a similar manner due to 
their sensitivity to heat. Primary explosives, unlike low explosives, produce a 
detonation reaction that releases shock energy when initiated. Secondary high 
explosives, such as Composition C4 and TNT, as well as blasting agents, such as 
ANFO, require a large shock to produce a detonation. Typically, the shock energy 
created by a small quantity (grams) of primary explosive detonating will be required 
to initiate a secondary explosive. Due to the range of energy input needs, a variety 
of initiators can be deployed to set off the explosive charge in an IED. 

As discussed earlier, initiators can be divided into two categories: electric and 
non-electric. Electric initiators, as their name implies, need electricity; therefore, a 
more complex fuzing system is required in order to employ them properly. An 
electric match, for example, consists of two insulated lead wires, which are joined 
together by a thin bridgewire. The bridgewire is generally coated in a pyrotechnic 
mixture. When electric current is run through the lead wires, it meets increased 
resistance at the bridgewire and heats up this thin wire. This heat produces a flame 
when it reaches the ignition temperature of the pyrotechnic mixture coating the 
wire. An electric match can be used to initiate low explosives and primary 
explosives; however, it does not have the energy needed to initiate secondary high 
explosives or blasting agents. For these less sensitive explosives, a blasting cap (or 
detonator) is required to create the necessary shock for initiation. 

As shown in Fig. 9.11, a blasting cap consists of a cylindrical metal shell 
containing a sensitive primary explosive, known as the ignition charge, and a 
secondary explosive, known as the base charge. When the primary explosive is 
initiated inside the blasting cap by a heat or flame source, it rapidly goes from 
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Fig. 9.11 Schematic of electric blasting cap 


deflagration to detonation and creates a shock wave that contains enough energy to 
set off the base charge. The base charge in a detonator will typically contain a small 
amount of RDX or PETN. The detonating base charge will amplify the energy put 
out by the primary explosive, rupture the metal casing and, in turn, detonate the 
main explosive charge. Blasting caps can be initiated electrically (in the same 
manner as the electric match described earlier) or non-electrically using a length of 
burning safety/time fuse. 

If a blasting cap functioned as part of an explosive device, the post-blast remains 
can be utilized to determine the manufacturer. Typically, the remains of a blasting 
cap, if present, will consist of the leg wires, the closure plug where the wires are 
inserted, and the lower portion of the metal shell. The leg wires of a blasting cap are 
generally constructed of solid core copper or iron in a variety of sizes (gauges). The 
wires are insulated with a plastic coating and color-coded to provide product 
identification. The wires are inserted into a closure plug, which is inserted inside the 
metal shell. In order to keep the plug from loosening, the manufacturer will squeeze 
the open end of the metal shell around the plug, which can leave a distinct mark 
called a “crimp.” By analyzing the color, metal composition, and size of the leg 
wires; the color and material of the plug; the pattern of the crimp on the shell; and 
the metal composition of the shell remains, it is possible to link the blasting cap 
remains to a specific manufacturer. 

A commercial model rocket igniter is another example of an electric initiator that 
has been seen in explosive casework. They can be purchased from a variety of 
internet sources or from a hobby store that sells rocketry kits. A rocket igniter 
consists of two non-insulated lead wires which are joined together by a thin 
bridgewire, which may be coated in a pyrotechnic composition, as in electric 
matches. By analyzing the pyrotechnic composition as well as the wires for their 
metal composition and dimensions, it is possible to determine the manufacturer of 
the rocket igniter. 

In some instances, an improvised electric igniter can be used in place of a 
commercially purchased igniter, as was the case in the Boston Marathon Bombings 
in 2013, the New Jersey/New York IED attacks in September of 2016, and the 
attempted bombing of the New York City subway in December of 2017. In all three 
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Fig. 9.12 An improvised hand grenade and an electric fuzing system (left). Fuzing system 
consisting of a Christmas tree light bulb igniter, a 9 V battery, a slide switch (arming switch) and a 
push-button switch (firing switch) on the right [4] 


incidents, the bombers used Christmas tree light bulbs as the initiator for their 
explosive devices. The use of a Christmas tree light bulb as an improvised electric 
igniter has also been publicized in a number of articles beginning in summer of 
2010 in Inspire Magazine, an online magazine reported to be published by al-Qaeda 
in the Arabian Peninsula (AQAP) (Fig. 9.12). 

Non-electric initiators do not require any form of electricity; therefore, the fuzing 
system needed for this type of IED is relatively simple. The most prevalent type of 
non-electric initiator used in an IED is a length of pyrotechnic fuse, also referred to 
as visco, hobby, or cannon fuses. Pyrotechnic fuse consists of an energetic material, 
such as black powder, which is typically wrapped in layers of fiber. The outer layer 
is usually coated in a nitrocellulose lacquer to prevent the fuse from unraveling as 
well as to preserve the explosive material within. By analyzing the energetic 
material inside the fuse, as well as dissecting the layers of fiber and counting each 
strand, a forensic examiner can compare a pyrotechnic fuse from a device to a 
pyrotechnic fuse found during a search warrant to see if they are similarly 
constructed. 

Other non-electric initiators encountered in explosive devices include quick- 
match, safety fuse, military time fuse, and, as previously mentioned, hypergolic 
reactions. Quickmatch is primarily used to initiate the lift charge in pyrotechnic 
aerial shells. Quickmatch typically consists of strands of fiber coated in finely 
ground black powder. The strands are placed inside of a paper tube which increases 
the overall burn rate. Safety fuse, also referred to as time fuse, was prevalent when 
mining operations used non-electric blasting caps. It has a black powder core and is 
wrapped in a similar fashion to pyrotechnic fuse; however, it has additional layers 
such as asphalt, textile threads, and a plastic coating to allow it to be used in damp 
environments. Safety fuse is still used today in a limited number of applications, 
such as the initiator for avalanche control devices. The US military has a version of 
time fuse, M700, which has an olive-drab plastic coating with yellow bands spaced 
out at different intervals around the outside. This allows for an individual to cut the 
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fuse at a predetermined length, which corresponds to burn delay, without having to 
take the time to measure the fuse on the battlefield. 


9.4.3 Wires 


When analyzing a wire used in an explosive device, a forensic examiner may 
determine the size, metal composition, insulation material, and in some instances, 
the manufacturer of the wire. This information, as well as other specifications, such 
as temperature ratings and voltage, can be marked on the insulation material cov- 
ering the wire. Wire recovered from the explosive devices used in the 2013 Boston 
Marathon Bombings (shown in Figs. 9.13 and 9.14) could be traced to the original 
manufacturer since the insulation was marked with the size of the wire, “14 AWG” 


Fig. 9.13. Length of dissected red pyrotechnic fuse. Inner core left and fuse fiber wraps with a 
black powder core at right 


Fig. 9.14 Wires recovered from the Boston Marathon Bombing 
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(AWG: American Wire Gauge), the type of wire, “STYLE 3135,” and the manu- 
facturer of the wire, “ZhongZheng.” This information may not be available in some 
instances; therefore, it is up to the forensic examiner to classify the wire to assist 
with the investigation. 

A wire will either consist of a single metal core or several thinner metal cores 
bundled together into a cohesive bunch. To determine the size of a solid core wire, 
the forensic examiner can measure the diameter using a micrometer or digital 
caliper. Once determined, the diameter is then compared to a wire gauge chart 
(either commercial or ASTM) to ascertain the size of the wire. For a multi-stranded 
wire, a few calculations are needed in order to determine the size of the wire. First, 
the number of strands (n) in the wire must be counted, and second, the diameter of 
at least one of the strands (d) must be measured. It is best to measure multiple 
strands and take an average as some variance can exist. If there are visually different 
sizes of stands present, each type of strand must be measured. Once this information 
is determined, the diameter of a multi-stranded wire can be calculated using the 
three equations below. 


s= (nx d’)/4 s = {area of a single strand} 
S=nxs S = {area of a defined number of strands} 
D= \/(48S/z) D = {diameter of a defined number of strands} 


Just as with the solid core wire, the diameter of the multi-stranded wire is then 
compared to a wire gauge chart to determine the size of the wire. 

The metal composition of a wire is typically copper. In some instances, it can be 
coated with tin to protect the wire from oxidation; such wire is called tinned-copper 
wire. While copper wire is most frequently encountered in IEDs, wire may be 
composed of alloys or other metals such as aluminum or steel. Examination of the 
metal in the wire can be performed using XRF or SEM-EDS. By calculating the 
size and metal composition, examiners can provide law enforcement officers with 
information to develop investigative leads in their search for the original source of 
the wire used in the explosive device. Comparisons can be made to wire either 
collected through a search warrant of a suspect’s property or purchased where it 
was originally sold if the wire type is unique. 

In some instances, the insulation covering the wire may have markings 
describing its properties. Wire recovered from the Boston Marathon Bombings had 
“STYLE 3135” marked on the insulation, which was consistent with a single 
conductor, silicone rubber insulation. If the wire is not marked by the manufacturer, 
the insulation material can be determined by analyzing the material using FTIR or 
Raman. 

If the wire does have markings describing its properties, it should also be marked 
with the manufacturer’s name or possibly an alphanumeric code which has been 
assigned to the manufacturer by an accrediting organization. Underwriters 
Laboratories (UL), an accrediting organization which certifies wire for commercial 
use, assigns a unique E-number (E and a three to six-digit number for wire and 
cable products) to each applicant in every product category. The wire recovered 
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Fig. 9.15 Contents of ammunition can buried by Eric Rudolph (left), close up of wire spool 
recovered (right) which could be compared to wire evidence collected from the post-blast scenes 
linked to Rudolph 


from the Boston Marathon Bombings had “E336285” marked on the insulation. 
When looking up this E-number on UL’s Web site, the wire was determined to be 
manufactured by Dongguan ZhongZheng Wire and Cable Tech Company Limited. 
Once the manufacturer is determined, it may be possible to establish where the wire 
was originally sold. 

Examination of wiring was significant in the case of serial bomber Eric Rudolph. 
As part of a plea agreement, he told authorities where to find more than 250 lb of 
dynamite and other materials buried at sites throughout North Carolina. These items 
were found on April 5, 2005, in a rural area known as Unaka in the Nantahala 
National Forest. Under the stump of a fallen tree, authorities found two buried 
ammunition cans containing a variety of items, including two spools of wire 
(Fig. 9.15). 


9.4.4 Batteries 


When analyzing a battery used in an explosive device, a forensic examiner may 
determine the manufacturer or distributor of the battery, the type of battery, and 
markings associated with the expiration date and manufacturing date of the battery, 
as shown in Figs. 9.16 and 9.17. This information is noticeable on the metal casing 
covering the battery; however, it may not be easy to determine some of these 
markings since the manufacturer may use codes only known to them. Once all of 
the markings from the battery have been obtained, the forensic examiner should 
contact the manufacturer directly in order to decipher the meanings of all codes that 
are unknown from the initial examination. By knowing the manufacturing codes, it 
may be possible to determine the location where the battery was originally pur- 
chased. Depending on circumstances, an examiner may also determine whether the 
battery as received is in working order by testing its voltage. 
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Fig. 9.16 A Duracell® Quantum AA alkaline battery. While the expiration date of December 
2023 is clearly visible on the battery, the manufacturer’s code of “3F24D179” can only faintly be 
seen stamped into the battery label 


Fig. 9.17 Components of a Rayovac® 9V alkaline battery (left). The base of the battery had 
manufacturer’s code of UWMR (right) which was identified by Rayovac® as being manufactured 
on November 13, 2011, by Gold Peak Industries in Malaysia 


In most explosive devices, the battery tends to be relatively small in size, with 
just enough energy output to function the initiator. Commonly encountered bat- 
teries used in explosive devices include AAA, AA, and 9 V; however, the size of 
the battery is really up to the discretion of the builder. The battery recovered from 
the Atlanta Centennial Park Bombing in 1996 was an EVEREADY® 12 V lantern 
battery, which was used to initiate an electric match inside each of the three pipe 
bombs inside the backpack. In some instances, the battery used in an explosive 
device can be specifically linked to a commercial product. Batteries recovered from 
the Boston Marathon Bombings were C cell in size and had “Tenergy® 3000” 
marked on the outer casing. The batteries, as well as the plastic holder which 
housed them, were identified as a 7.2 V battery pack for a remote-control car. 

When encountering a post-blast scenario, the internal battery components and 
outer casing will generally survive the explosion; however, the battery may be 
fragmented into several parts. From the collected evidence at the scene, the forensic 
examiner will need to recognize the internal components of the battery. Since there 
are so many different types of batteries and the internal components differ for each 
manufacturer, it may be necessary to purchase similar exemplar batteries to posi- 
tively identify the internal components collected at the scene. 
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9.4.5 Containers 


A container is a very common component of an explosive device, whether it is used 
for transport or concealment, as with a backpack, or as confinement for a low 
explosive, as with a pipe bomb. In some instances, the container can be used to 
entice an individual to unknowingly activate the explosive device. In March of 
2012, three pipe bombs hidden inside of flashlights exploded in the Phoenix area, 
causing minor injuries to five people. The bomber knew that when the flashlights 
were found, an unsuspecting individual would likely push the on/off button to see if 
it worked. Depending upon the intended target of the bomber, a limitless selection 
of containers can be utilized in the construction of an IED. Below is a list of some 
other types of containers that have been used in the construction of IEDs: 


* Bag/backpack/briefcase * Bottle/jug/jar 

* Box/package * Compressed gas (CO2) cylinders 
* Metal/plastic can * Cardboard tube 

* Pipe/tube/fitting * Pressure cooker 

* Propane cylinder * Suitcase 

* Tennis ball * Vehicle 


Since commercial low explosives are much more accessible than high explo- 
sives, explosive devices consisting of a threaded pipe (or pipe nipple) sealed on 
each end with an end cap (as seen in Fig. 9.18) are most often encountered in 
casework in the USA. Pipes can be purchased from a number of sources, are 
inexpensive, and have the ability to explode when they exceed their maximum 
allowable pressure, especially from the combustion of a low explosive sealed 
within. Pipes and fittings, which include pipe nipples, end caps, elbows, tees, 
unions, reducers, and plugs, are sold in a variety of types and sizes. Metal pipe and 
fittings sold in retail stores include galvanized steel, copper, brass (used in potable 
water systems), and black steel (used in residential gas supply). Of these types of 


Fig. 9.18 Two 1-inch nominal diameter cast iron end caps. Galvanized (left), black finish (right). 
Mueller Industries, Incorporated logo visible on both 
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Fig. 9.19 Faceplates of three 1-inch nominal diameter PVC slip-on end caps 


metals, galvanized and black steel pipe, and galvanized and black iron fittings are 
most often used in explosive devices due to the large variety of sizes that can be 
purchased and ease of modifying to create an IED. Brass fittings are costly and 
limited in sizes, and copper pipe is usually sold in lengths that need to be altered 
before it can be utilized. 

Plastic pipe and fittings sold in retail stores consist of: white polyvinyl chloride 
(PVC); chlorinated PVC (CPVC); acrylonitrile butadiene styrene (ABS), which are 
used in either potable water systems or drainage, waste and vent (DWV) systems; 
and gray PVC, which is used in electrical conduit piping. Of these types of plastics, 
white PVC is most often used in explosive devices due to the large variety of sizes 
and fittings that can be purchased. CPVC and gray conduit PVC are not as widely 
sold as white PVC, and ABS, since it is primarily used in DWV systems, is 
generally sold in sizes of 2-inch nominal diameter or larger. Most pipe bombs 
encountered in explosive investigations have a diameter less than two inches. 

The American Society for Testing and Materials (ASTM) and the National 
Sanitation Foundation (NSF) are organizations that test and rate piping materials for 
use in certain applications. For all pipes and fittings, approved identification 
markings, such as those shown in Fig. 9.19, must be visible on the exterior. This 
may not seem important to most people; however, the information on the fittings 
can possibly lead to where it was originally purchased. When it comes to a 
post-blast scene involving a pipe bomb, it is crucial that a thorough processing of 
the scene takes place in order to collect as much of the original container as 
possible. Once in the laboratory, it is the responsibility of the forensic examiner to 
identify which manufacturing codes and markings can assist in determining the 
origin. 


9.4.6 Tapes and Adhesives 


Quite often tape and adhesive are used in the construction of an explosive device, 
from positioning various components together to securing enhancements to the 
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outside of the container. Tape is available in a variety of sizes, colors, and types and 
has the potential to capture forensic clues which can identify the bomb builder (see 
Chap. 11). Latent print examiners have been able to identify fingerprints on both 
the adhesive and non-adhesive portions of various types of tape, and pieces of tape 
may also be a good source of potential DNA, hairs, fibers, or other trace evidence 
unique to the bomb maker’s environment. In addition, trace examiners have been 
able to fracture match the ends of tape removed from an explosive device to a roll of 
tape found during a search warrant. When analyzing tape recovered from a 
post-blast scene, it is crucial to microscopically examine the fragments. Intact 
explosive particles and post-combustion residues may stick to the adhesive portion 
of the tape, which may be the best source for identifying the explosive used in the 
device. If collected carefully, the post-blast residue will be minimally affected by 
the adhesive portion of the tape. 

Adhesives can be used in the construction of an explosive device in a similar 
fashion as tape. Common purposes for adhesives on an explosive device are the 
securing of a pyrotechnic fuse into an end cap with hot melt glue, attaching metal 
enhancements to the outer surface of a pipe using superglue, as well as the joining 
of a plastic pipe and end cap together with PVC cement in the construction of the 
container. While these are a few examples of adhesives that can be used for these 
applications, the bomb builder has the ability to choose from a large variety of 
adhesives that can be purchased from a number of merchants. 


9.4.7 Enhancements 


Enhancements are added to an explosive device to increase the lethality and damage 
it may cause. Enhancements may consist of pressurized vessels, ignitable liquids or 
gases, or added fragmentation. During the 1993 World Trade Center Bombing, 
terrorists placed three compressed tanks of hydrogen gas inside a Ryder van which 
housed the urea nitrate main charge. A similar enhancement was used in the 
Columbine High School attack on April 20, 1999, where two explosive devices 
equipped with propane tanks (shown in Fig. 9.20) were placed inside the cafeteria. 
The timers on both devices were set to function at 11:17 am, which was the start of 
the school’s first lunch session [5]. Fortunately, both devices failed to function; 
otherwise, it would have greatly increased the overall casualties in the school 
massacre. 

In most instances, enhancements will consist of metal, plastic, or glass articles 
that are added to increase the lethality of the explosive device. This added material 
may be referred to colloquially as shrapnel; some agencies also refer to this 
material as fragmentation. The enhancements may consist of nails, screws, nuts, 
washers, ammunition shot, glass marbles, or any other items deemed capable of 
producing damaging projectiles by the bomb builder. The added objects can be 
taped or glued to the outside of the explosive device, as in Fig. 9.21, or placed 
loosely inside of the device with intimate contact with the main charge. 
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Fig. 9.20 Explosive device recovered from the cafeteria in Columbine High School. [Courtesy of 
Jefferson County Sheriff’s Department] 


Fig. 9.21 Improvised explosive devices seized from a home in Escondido, California, in 2010. 
[Courtesy of San Diego County Sheriff’s Department] 
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If materials such as screws, nuts, or nails are found during the course of the 
investigation, it is important to identify the type or use, size, and any manufacturer 
markings which may lead to the origin of the identified components. Ammunition 
shot can be metal, glass, or plastic and is sold in a variety of colors and sizes. Metal 
shot can be lead or steel, which can be coated in copper or zinc to prevent corrosion. 


9.5 Limitations of Device Examinations 


Based on the results of analyses conducted throughout the five steps previously 
described, a device examination may result in a variety of conclusions. Each agency 
and jurisdiction will have its own standards for what examiners may and may not 
opine. Further, the conclusions that can be reached will depend on what is sub- 
mitted. An examiner may be able to determine that a partial or complete device was 
recovered. The examiner may also potentially be able to identify how such a device 
would have functioned. It is also possible that no viable device is present. 

An examiner might also be asked to analyze a set of bomb-making instructions 
or schematics to determine if the instructions would produce a viable device or a 
device such as one that was located. If a device or series of devices have already 
been analyzed, the examiner may need to determine if the device(s) or device 
componentry found later, perhaps during the execution of a search warrant or from 
another event, is similar to any that have already been analyzed. The degree and 
strength of an association between components will vary depending on circum- 
stances. For example, two pieces of wire may not have as strong an association as 
two circuit boards taken from identical phones. 

Although components may be identified as part of a general class (e.g., Exhibit 1 
was identified as a length of PVC pipe), device analysis does not typically lend 
itself to definitive associations; for example, laboratory analysis cannot generally 
determine a specific source of an IED component or link an item uniquely to a 
suspect, as with DNA, fingerprints, or toolmarks. It can never be said that the length 
of PVC pipe found as part of an IED was “identified” as having come from a 
suspect’s house without an end-to-end physical match. The best that can generally 
be inferred is that the length of pipe found in an IED was consistent in size, 
appearance, chemical composition, etc., with pipe found in a suspect’s residence. 

Examination of post-blast evidence can face extreme limitations which will vary 
on a case-by-case basis. The devastation to the physical surroundings imparted by 
explosives will often make any useful examinations impossible on items of evi- 
dence. In all cases, the examiner must determine which examinations are appro- 
priate based on what items have been deemed of forensic value. 

Examiners may not testify to the intent of the bomber. They may render opinions 
on the logical usage of components or the practical aspect of modifications made in 
producing a device. For example, an examiner may not state that it was the bom- 
ber’s “intent” to increase lethality of their bomb by adding hardware to the exterior 
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of the device. However, they may state that this is often discussed in bomb-making 
literature as an addition to explosive devices to increase their lethality, and that it 
has been scientifically proven to increase the lethality of an explosive device. 


9.6 Summary 


Devices encountered during casework come in a wide variety of types ranging from 
simple pipe bombs to highly sophisticated electrically fuzed IEDs. The examination 
of these devices has a very basic focus. Forensic examiners analyzing any IED 
strive to find out what the IED was constructed from, where the pieces used to 
manufacture the IED originated, and how the device functioned. Since an IED can 
be made from just about any item accessible to a bomb builder, the forensic 
examiner must be prepared to analyze a broad spectrum of componentry. Knowing 
the core components of power source, load, conductor, and switch will guide 
examinations, but the damage done to a fuzing system by an explosion will 
introduce unique challenges to examiners striving to gain insight into the evidence 
in front of them. The principles outlined in these sections provide the general logic 
applicable for all other analyses brought to bear in the field of IED forensics. 


9.7 Questions 


1. What are the four major components of an electric fuzing system and name an 
example an examiner may find of each? 

2. What are the five basic steps used by a forensic examiner when analyzing 
evidence submitted for examination? 

3. What types of things may be found with an IED that are not part of the fuzing 
system? 

4. An IED is recovered which employs a pink ammo can and a MegaCharge brand 
9 V battery. The empty packaging for a MegaCharge 9 V, a bottle of pink spray 
paint and an identical ammo can were found during subsequent searches of a 
suspect’s house. Has the source of the IED been identified? Why or why not? 
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Learning Objectives 


Understand what explosives and fire debris cross-disciplinary cases are. 
Understand the types of materials that may be identified in these cases. 
Understand various analytical schemes and results for cross-disciplinary cases. 
Understand the reporting considerations. 


10.1 Introduction 


Cross-disciplinary cases are cases that require examinations in multiple disci- 
plines. For the purposes of this chapter, it will refer to cases needing both ignitable 
liquid and explosive testing (e.g., ANFO) or cases that could fall in either one, like 
incendiary mixtures (e.g., road flares). Fire debris and explosive analyses are 
separate specialties, requiring a different knowledge set and training program. Many 
laboratories, primarily state and local systems, include fire debris and explosives 
under the “trace evidence” umbrella, allowing examiners to analyze almost any type 
of evidence submitted. However, some laboratories, such as those in federal 
agencies, have examiners that are experts in only one of these sub-disciplines of 
trace. 

Ideally, an examiner would be able to handle all cases in the trace evidence 
discipline, but this necessitates significant training in multiple areas. Learning about 
the manufacturing processes, history, instrumentation, analysis, and data interpre- 
tation in each sub-discipline is imperative for examiners testifying in court. The 
amount of information can be overwhelming and may lead to examiners only barely 
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scratching the surface of the recommended knowledge base. Alternatively, labo- 
ratories may choose to have examiners specialize in just one or two facets of the 
many fields in the trace discipline. While these individuals are considered experts in 
their fields, they are often not able to analyze every case. Thus, a case that might be 
able to be handled by one person at one laboratory would instead need to be 
examined by two or more at another laboratory. 

Regardless of whether one or two examiners handle a cross-disciplinary case, the 
order of analyses is extremely important. When a case requires both fire debris and 
explosive testing, if the evidence packaging is appropriate, then the ignitable liquid 
analysis must be conducted prior to explosive analysis, to avoid any potential loss 
of ignitable liquids. If there are concerns regarding organic high explosives, 
headspace extraction temperatures and times can be adjusted to allow for the 
potential detection and identification of both organic high explosives and ignitable 
liquids. 


10.2 Explosives 


While many oxidizer—fuel mixtures are solid, as discussed in Chap. 7, the “fuel” in 
an explosive oxidizer—fuel mixture can be an ignitable liquid. The most notable 
example of this type of mixture is ANFO. Analysis of this material requires 
identification of the ammonium nitrate oxidizer, as well as the fuel oil, which is a 
heavy petroleum distillate (HPD). It is also possible that an individual may combine 
ammonium nitrate or other oxidizers, like potassium chlorate, with another type of 
ignitable liquid, ranging from gasoline to biodiesel; the examiner must be able to 
know the difference between them in order to properly classify and identify the 
material. Other potential liquid fuels include nitromethane, nitroethane, nitroben- 
zene, alcohols, and lubricating oils, such as baby oil or mineral oil [1]. With the 
exception of the oils, the other listed fuels are considered ignitable liquids as 
defined by ASTM E1618 Test Method for Ignitable Liquid Residues in Extracts 
from Fire Debris Samples by Gas Chromatography—Mass Spectrometry [2]. 

For intact samples, analysis is relatively straightforward (see Chap. 7). The 
oxidizer can typically be identified using a combination of a variety of techniques, 
such as elemental analysis (SEM-EDS or XRF), XRD, FTIR, Raman, and/or PLM 
(Fig. 10.1). The fuel is most commonly identified using GC-MS (Figs. 10.2, 10.3 
and 10.4); however, FTIR may be appropriate for compounds like nitromethane 
(Fig. 10.5). High-temperature GC-MS may be necessary for the differentiation of 
heavy molecular weight oils and waxes, as discussed in Chap. 2 [3-8]. If the 
sample appears wet and/or has a petroleum-like odor, a solvent extraction of the 
sample may be warranted in order to remove the fuel for analysis. Solvents such as 
pentane and hexane would be suitable for most ignitable liquids. Alternatively, 
passive headspace concentration (PHC) with a charcoal strip or solid-phase 
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Fig. 10.1 X-ray diffraction pattern of ammonium nitrate 
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Fig. 10.2, GC-MS data of fuel oil from an intact mixture with ammonium nitrate 
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Fig. 10.3. GC-MS data of biodiesel from an intact mixture with ammonium nitrate 


microextraction (SPME) could be utilized to extract the ignitable liquid vapors from 
the sample. 

Post-blast analysis of oxidizer and ignitable liquid fuel mixtures is more chal- 
lenging, given that the fuels are usually completely consumed, and there is very 
little oxidizer residue remaining. Since a typical ANFO mixture is 94% ammonium 
nitrate (AN) and 6% fuel oil [1], the quantity of fuel after a blast will be negligible. 
Also, except for the fuel oils (HPDs) and lubricating oils, the other liquid fuels 
listed above are volatile enough that they would evaporate quickly, following an 
explosion. 

If post-blast device fragments are submitted and appropriately packaged in 
vapor-tight containers for ignitable liquid testing, then the fuel may be extracted 
using PHC or SPME, followed by GC-MS analysis (Fig. 10.6). As mentioned 
previously, if volatile organic high explosives are also suspected, headspace 
extraction temperatures and times can be adjusted so that both the ignitable liquids 
and explosives can be identified (this will be discussed more extensively in 
Sect. 10.4). After headspace extractions, then the fragments should be evaluated for 
residue that can either be physically removed or rinsed with water, as with other 
post-blast evidence as discussed in Chap. 8 [9, 10]. 

Further challenging the post-blast examination and conclusions are the potential 
for the oxidizers and fuels to be found inherently in nature and/or in certain 
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Fig. 10.4 GC and MS data for nitromethane 


substrates. For example, submission of dirt from a blast seat/crater may contain 
ammonium nitrate or another similar oxidizer from fertilizer or fuel from a vehicle 
or heating oil tank leak. Examiners should be cautious when interpreting post-blast 
results where oxidizers and ignitable liquid fuels are suspected and consider 
alternative potential sources, other than solely from an explosive mixture. 
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Fig. 10.5 Nitromethane by FTIR 
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Fig. 10.6 GC-MS data of fuel oil from a post-blast scene collected using passive headspace 
concentration 


10 Bridging Explosives and Fire Debris Analyses 291 


10.3. Incendiary Mixtures 


Incendiary mixtures are materials that will cause a fire or a thermal event instead 
of an explosion. These mixtures should not be confused with incendiary devices, 
which are discussed briefly in Chap. 2. Typical incendiary mixtures include road 
flares, thermite, and hypergolic mixtures [11]. These types of mixtures may fall 
in either the explosive or fire debris discipline, depending on their end use and 
configuration. For example, a road flare could be used as is to start a fire, but if the 
powder is removed and confined in a pipe, then it could function as a low explosive. 

Road flares, also known as fusees, typically contain strontium nitrate, along 
with other possible oxidizers such as potassium nitrate, potassium perchlorate, and 
fuels that include sulfur, sawdust, and a polymeric binder [12-15]. Oxidizers and at 
least some of the fuels from intact material, whether from an incendiary or 
explosive investigation, can be identified using techniques mentioned previously 
(Fig. 10.7). 

Sold as is, road flares are in a cardboard tube and many come with a metal stand 
to prop up the flare while it is in use (Fig. 10.8). When road flares burn, the 
cardboard burns with the flare contents, and the remaining residue will be white 
powdery residue (Fig. 10.9). 

Often, post-fire, the metal stand or spike will be present as well. Reaction 
products present either post-fire or post-blast can include, but are not limited to, 
strontium carbonate, potassium carbonate, potassium sulfate, strontium chloride, 
potassium chloride, and potassium chlorate. These compounds or their ions can be 
identified with a variety of techniques, such as those already mentioned above 
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Fig. 10.7 X-ray diffraction pattern of potassium nitrate and strontium nitrate from an intact road 
flare 


Fig. 10.8 Examples of intact road flare containers 


Fig. 10.9 Post-burn residue from a road flare. Photograph courtesy of Dr. Katherine Hutches 
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Fig. 10.10 X-ray diffraction pattern of road flare residues’ post-burn 


(Fig. 10.10). Interpretation of the results will depend on what type of evidence was 
submitted to the laboratory. For example, identification of strontium carbonate and 
potassium sulfate in white powder from a fire scene, along with potential remains of 
a cardboard tube and the metal stand, can result in a report stating that the residues 
of a road flare were recovered or similar language. However, if the same com- 
pounds were identified in a post-blast pipe, then the report could state a variety of 
conclusions, such as residues chemically consistent with a road flare were recovered 
or residues of a pyrotechnic composition were recovered. Appropriate wording will 
depend on what was identified as well as laboratory policy. 

Match heads are commonly found in devices, often with their wood or paper 
sticks removed. For “strike anywhere” matches, which typically have a white tip, 
the heads may contain potassium chlorate, red phosphorus, and sulfur. With 
“safety” matches, the phosphorus is located on a separate strike pad or strip either 
on the side of the box or on the paper matchbook. Match heads can be considered 
oxidizer and fuel mixtures, the analysis of which has been discussed in Chaps. 7 
and 8. However, identification of phosphorus is difficult via FTIR and XRD. The 
best methods for phosphorus include elemental techniques and Raman. 

Thermite and thermate are incendiary mixtures that contain a metal and a metal 
oxide that generate more of a heat-producing reaction than an explosive event when 
initiated. Thermate is used in incendiary grenades and contains additional oxidizer, 
such as barium nitrate. Both thermite and thermate produce a molten slag that has 
found legitimate use in the welding industry. While aluminum and iron oxide are 
the most common constituents of thermite, other materials, like the aluminum and 
magnesium alloy magnalium, and metal oxides, such as lead oxide (red) and 
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manganese dioxide, can also be used [12, 13]. When ignited, the reaction products 
will include an aluminum oxide and the corresponding metal. For example, if 
aluminum and iron oxide are used, then aluminum oxide and iron are produced 
during the reaction. Elemental techniques with XRD are good analytical instru- 
ments to use to identify these materials both pre- and post-ignition. Note that 
identification of iron-containing compounds can be difficult via XRD due to iron’s 
fluorescence in an X-ray beam with a copper target. Additionally, it can be difficult 
to prepare post-combustion samples for XRD analysis. However, in the absence of 
XRD, chemical spot tests, FTIR, Raman, magnetic response, and PLM may provide 
information on the compounds present. 

A hypergolic mixture consists of two or more materials that will ignite when 
mixed without an external ignition source [13, 16]. The most common hypergolic 
mixtures are brake fluid with pool chlorinator (usually calcium hypochlorite, also 
known as HTH), potassium permanganate with glycerin or glycol, and potassium 
chlorate with sugar and sulfuric acid [17, 18]. Other self-reacting mixtures can 
include gasoline and HTH and gas-producing chemical reaction devices [19-21]. 
The original ingredients and reaction products of these mixtures can be identified 
through a combination of the instrumental techniques discussed in Chap. 1. Visual 
examination of the evidence will often guide the examination schemes. While 
olfactory techniques are not encouraged due to the inherent health hazards, an odor 
can indicate the possible presence of chlorine, sugar, or a petroleum product, which 
may provide direction on analysis. 

Pool chlorinator can react with most compounds containing a hydroxyl (-OH) 
group, such as ethylene glycol and rubbing alcohol (which contains isopropanol). 
The reactivity of this mixture increases with the number of -OH groups, such that 
polyols (with multiple hydroxyls), like brake fluid, are the most reactive, igniting 
rapidly (Figs. 10.11la, b). White, brown, and black clumps of wet material will 


Fig. 10.11 A and B Brake fluid (glycol ether-based) and pool chlorine (calcium hypochlorite) 
mixture before and during reaction. Photographs courtesy of the Centre of Forensic Sciences, 
Toronto, Ontario 
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Fig. 10.12 Post-burn residue from a mixture of brake fluid and pool chlorine 


remain after the incendiary event and often have a chlorine-like odor (Fig. 10.12). 
Both original components and reaction products may be identified, depending on 
the starting materials (Figs. 10.13, 10.14, 10.15, 10.16 and 10.17). Post-burn 
products for a glycol and HTH mixture can include calcium chloride hexahydrate, 
calcium carbonate, sodium chloride and/or sulfate, cyanuric acid, and chlorinated 
glycols [12, 17]. 
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Fig. 10.13. X-ray diffraction pattern of an organic pool chlorinating powder known as Trichlor 
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Fig. 10.14 GC-MS of one type of brake fluid 
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Fig. 10.15 X-ray diffraction pattern of post-reaction products from a mixture of inorganic pool 
chlorinating powder and brake fluid 
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Fig. 10.16 X-ray diffraction pattern of post-reaction products from a mixture of organic pool 
chlorinating powder and brake fluid 
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Fig. 10.17 GC-MS of post-reaction products from a mixture of pool chlorinating powder and 
brake fluid, collected using passive headspace extraction 
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Fig. 10.18 Potassium 
chlorate, sugar, and sulfuric 
acid mixture. Photograph 
courtesy of the Centre of 
Forensic Sciences, Toronto, 
Ontario 


Potassium permanganate and glycerin or glycol will not only ignite when mixed 
but will also cause an explosive reaction when confined. These materials, which are 
used for commercial fire starters to help with controlled burns, are balls of potas- 
sium permanganate that are injected with glycol [22, 23]. Potassium permanganate 
turns a brilliant purple when dissolved in water but generally has a black appear- 
ance when viewed with the naked eye. After an incendiary event, the residue will 
appear like soot and may be difficult to distinguish as material requiring analysis. 

The mixture of potassium chlorate, sugar, and sulfuric acid has been used for 
self-igniting Molotov cocktails, as well as other incendiary devices [16, 18]. The 
sulfuric acid reacts with the potassium chlorate and sugar mixture to produce a 
brilliant reddish-pink flame and sparks (Fig. 10.18). 

While analysis and identification of the self-igniting starting materials are rela- 
tively straightforward (Fig. 10.19), the reaction products may prove challenging to 
separate for examination. If a pungent odor or sludge-like material is noted in the 
evidence, headspace extraction for an ignitable liquid, followed by a simple pH test 
to determine acidity, should be done first, prior to any solvent extractions, to avoid 
inadvertently injecting strong acids onto chromatographic columns. After an 
explosive or incendiary event, sugar turns into a gummy, syrup-like material that 
can be difficult to identify, as recrystallization is impossible [11]. Extraction of the 
residue with water and analysis by LC or derivatization of the residue and analysis 
by GC-MS can identify the presence of sucrose, lactose, and glucose [24, 25]. IC 
and CE or IC-MS may be required to identify the original components. Depending 
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Fig. 10.19 Sugar (sucrose) by FTIR 


on how much oxygen is present, reaction products could include potassium per- 
chlorate and potassium chloride [1]. 

Another type of mixture that falls in between the fire debris and explosive 
sub-disciplines is the chemical reaction device. Chemical reaction devices, also 
known as acid bombs, bottle bombs, and “MacGyver” bombs, are manufactured 
from common household chemicals and produce a gas without an external ignition 
source [11, 20, 21, 26]. The reactions in these devices do not necessarily release 
large amounts of energy but are gas evolution reactions. When the reaction is 
confined, the buildup of gas increases the pressure. At high pressures, the container 
can fail catastrophically resulting in an explosive pressure wave release. The 
materials are typically confined in a plastic bottle (hence the name “bottle” bomb). 
These are self-initiating devices, since no external ignition source is needed for the 
reaction to occur. Typical materials used are dry ice, calcium hypochlorite with 
sugar or soda, hydrochloric acid with aluminum (usually aluminum foil), and 
sodium hydroxide or hypochlorite with aluminum (also known as a “Drano” 
bomb). If aluminum is used, then it is likely to be found either unconsumed or as a 
reaction product with the starting material. Elemental analysis, XRD, pH, chemical 
spot tests, and ion analysis can be utilized to determine the starting materials 
(Fig. 10.20), except in the case of dry ice, which will not leave an identifiable 
residue. 
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Fig. 10.20 X-ray diffraction pattern of post-reaction products from a mixture of bleach and 
molasses, primarily showing bleach, since sugars post-burning will not diffract 


A forensic examiner performing fire debris and explosive analyses needs to be 
aware of the wide variety of starting chemicals and the potential resulting reaction 
products for thermite, hypergolic mixtures, and chemical reaction devices. 
Findings will vary, depending on the laboratory’s available analytical techniques 
and what can be identified. Instrumental methods that provide an identification of 
compounds, as opposed to ions or elements only, are preferable, especially for these 
types of materials, since ions or elements alone may not be able to provide infor- 
mation on the original configuration of the compound. For example, identification 
of nitrate, chloride, potassium and sodium ions or elements does not delineate 
between an initial mixture of sodium nitrate and potassium chloride or an initial 
mixture of potassium nitrate and sodium chloride. 


10.4 “Other” Fire Debris and Explosive Cases 


The cases that fall into the “other” classification include those that may simply 
involve an explosive device (e.g., pyrotechnic aerial shell) attached to a Molotov 
Cocktail, a sample of explosive powder (e.g., smokeless powder) mixed with an 
ignitable liquid, and general unknowns, where investigators may not know if an 
explosion or fire occurred. For intact cases, where liquid and/or powder samples are 
present, analyses can be done in an order that preserves the most sample for further 
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examination. Choosing techniques that are sensitive, selective, and non-destructive 
will ensure that sufficient sample remains to fully characterize the material. 

In all post-fire/post-explosion instances where the potential exists for ignitable 
liquids, if the evidence is packaged appropriately in vapor-tight containers, then fire 
debris analysis should be performed prior to any other examination. If a volatile 
high explosive is also suspected, it is recommended to do headspace concentration 
for explosives at ambient temperature first, so as not to lose some of the thermally 
labile explosives, like TATP, HMTD, NG, and EGDN, or detection agents, like 
DMDNB. A follow-up headspace extraction at an elevated temperature or solvent 
extraction of selected areas can then be done to remove any ignitable liquids. For 
items that are not in vapor-tight packaging, the fire debris examination may not be 
possible, depending on laboratory policy. 

Generally, a true unknown fire/explosion case will require examiner expertise 
and training to be able to evaluate the evidence submitted and the damage to the 
items to determine the proper analytical approach. For example, most explosive 
incidents involve a device of some type. Examination of the potential device 
components for blast damage and residue is key to deciding how to proceed with 
the analysis. When residue is observed, elemental or spectroscopic techniques could 
indicate an explosive profile, if one was present. Sometimes, components are not 
readily observed in masses of melted fire debris, and an X-ray of the material may 
be necessary to ascertain its contents. Examiners should exercise caution in inter- 
preting results from fire/explosion scenes where no device components are present 
(or submitted) and extractions only identify ions. Environmental sources of the ions 
must be considered, especially where there is no evidence of explosive damage or 
potential device fragments. For example, nitrates are ubiquitous, commonly found 
in fertilizers, in latex and nitrile gloves as a coagulant, and in wastewater treatment. 
While nitrates are also common to many explosive compositions, a finding of this 
alone should be viewed cautiously. 


10.5 Reporting 


Ideally, one report would be issued for cases that involved both fire debris and 
explosive analyses. This, of course, requires that an examiner be qualified to write 
and testify to both. Having one report to explain the chemistry results is easier for 
the customer to read and understand. However, this is not always possible, due to 
laboratory policy, laboratory information management systems (LIMSs), or 
examiners not having completed competency testing in both of these disciplines. 

One of the best examples to illustrate this point is for ANFO. In laboratories 
requiring two separate reports, the explosive report would state: 


Ammonium nitrate was identified. 


The fire debris report would state: 
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A heavy petroleum distillate (HPD) was identified. Examples of HPDs include diesel fuel 
and fuel oil. 


But which report would relate these two for the customer to show that ANFO 
was present? If a single report was issued, then the following wording might be 
used: 


Ammonium nitrate and a heavy petroleum distillate (HPD) were identified. Examples of 
HPDs include diesel fuel and fuel oil. A mixture of ammonium nitrate and an HPD is also 
known as ANFO. 


Alternatively, if two separate reports are written, one report could refer to the 
other, but the timing of the reports should be coordinated. For example, the fire 
debris report is issued first, and then the explosive report is issued with the fol- 
lowing statement: 


Ammonium nitrate was identified. The fire debris report issued on Month/Day/Year 
identified a heavy petroleum distillate. A mixture of ammonium nitrate and a heavy pet- 
roleum distillate is also known as ANFO. 


The advantage of having one report is that the customer is provided the result 
and conclusion at the same time, without having to piece together information from 
multiple separate reports. While most fire debris and explosive cases would benefit 
from having a single report, not every investigation needs this. ANFO and other 
similar mixtures are unique in that the combination of the oxidizer (e.g., ammonium 
nitrate) and the fuel (ignitable liquid) makes an explosive. Reporting these two 
individually, without making a link between them, could be misleading and 
uninformative to the customer. 


10.6 Questions 


1. Define a cross-disciplinary case as it relates to the information provided in this 
chapter. 

2. Name at least one explosive mixture that contains a solid oxidizer and an 

ignitable liquid fuel. 

What are incendiary mixtures? 

What is a hypergolic mixture? Provide two examples. 

5. Data for your case identifies sulfate ions, chlorate ions, and sucrose. A pH test of 
the residues indicated the presence of an acid. How would you report this? 

6. You receive evidence packaged in a vapor-tight metal gallon can. The inves- 
tigators do not know if a fire caused the explosion or an explosion produced the 
fire. How would you proceed with the analysis of the material in the can? 


haya 
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7. Evidence you receive contains white clumpy residues that were recovered after a 
fire. You identify potassium chloride and strontium carbonate. What are these 
compounds indicative of? 

8. What is an advantage to identifying compounds instead of just anions and 
cations? 
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Chapter 11 
Interacting with Other Disciplines 


Carl E. Chasteen 


Learning Objectives 


e Understand the nexus between fire debris and explosives analysis and other 

forensic disciplines. 

e Understand the effect fire and explosion may have on evidence collected for 

forensic disciplines other than fire debris or explosives analysis. 

e Understand how the application of common fire debris or explosives analysis 

methods can affect a sample and its suitability for other forensic tests. 

e Understand the proper methods to divide or sub-select portions of samples to 

increase the number of forensic disciplines that may be applied. 

e Understand the application of the “best evidence’ principle when a choice of 
forensic disciplines must be made because of sample limitations. 


Evidence from a fire or explosion investigation will often require more than simply 
a fire debris or explosive analysis. While fire debris and explosives examinations 
provide important information about what happened, they generally cannot provide 
information about who caused it to happen. The following sections provide addi- 
tional information that will assist the fire debris or explosives examiner to under- 
stand how other examinations will affect their evidence and what they can do to 
ensure that other examinations remain viable. 

A forensic laboratory must have a plan in place to determine the order and 
manner in which evidence is approached to ensure full exploitation of the evidence. 
A determination of whether other forensic examinations will be needed for a given 
set of evidence should be made before the fire debris or explosives examiner begins 
interacting with the evidence. Each step of the examination process (sample 
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preparation, extraction, storage, etc.) could significantly impact the outcome of 
other disciplines of forensic testing. It may be necessary for the examiner to 
determine not only the order of the testing, but whether sub-sampling may be 
required so that the broadest variety of forensic disciplines can be applied. 


11.1 Forensic Biology and DNA Testing 


Jason R. Bundy, Forensic Quality Manager, Florida Dept. of Law Enforcement, 
Tampa Regional Laboratory. 


Forensic biology is primarily concerned with linking an individual (suspect or 
victim) to or eliminating them from a crime scene or a piece of evidence through 
DNA analysis. As DNA techniques have developed over time, DNA analysis has 
become one of the most powerful tools in forensic science. The great advantage of 
DNA analysis is the ability to link a specific person to an item or a location. 
However, it cannot tell you how or when the DNA came to be at that location or 
why it is there. Furthermore, with increasingly sensitive methods, the potential for 
contamination of DNA samples has increased. Forensic biology also includes body 
fluid identification, or serology, which may be used to locate potential DNA sources 
on large items and confirm the expected biological source of the DNA profile (i.e., 
semen or blood). However, serological screening has become significantly less 
useful in court compared to the comparison of DNA profiles due to the highly 
sensitive and specific results one can obtain from DNA testing. 


11.1.1 The Basics of DNA Analysis 


Forensic DNA testing uses individually varying lengths of DNA in several specific 
regions, or loci, that together make up a ‘profile’ of DNA in a method called short 
tandem repeat (STR) DNA analysis. A DNA profile is comprised of the determined 
lengths of DNA at each locus. Due to the variability in lengths of DNA at each 
locus within the general population, this type of testing is capable of assigning a 
high statistical weight when an individual’s DNA profile is linked to a DNA profile 
recovered from a piece of evidence. 

Frequently, none of the areas tested on a given piece of evidence are able to 
provide a full DNA profile, reducing the strength of the comparison. The two 
common reasons this occurs are the degradation of DNA and the inhibition of the 
chemical processes to complete the analysis. Degradation of DNA is the process of 
breaking the bonds that hold DNA together. A few breaks will have little effect on 
DNA analysis, but many breaks may cause the DNA analysis to return no usable 
profiles [1]. While technology has significantly improved and increased the profiles 
suitable for comparison from degraded DNA by using shorter ‘mini-STRs’, it only 
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works for lightly degraded samples. Many of the DNA testing processes use 
varying pH, temperature, or salt concentrations to work, so any chemical that is 
known to alter these characteristics may inhibit the efficiency of the STR DNA 
testing. 

DNA collected from a crime scene comes in various forms and amounts, 
including biological fluids, skin cells, tissue, and bone. A large amount of viable 
DNA may be present in a bloodstain (depending on its exposure to heat) while little 
DNA may be present on a broken Molotov cocktail, where the chemical or ignitable 
liquid contents have impinged on the areas where DNA was originally present. 
While the ignitable liquid may not degrade the DNA, it may interfere with the 
processing of the DNA. In crime scenes with fire or explosion damage, DNA may 
be extremely limited, particularly when the majority of the scene has been burned or 
impacted by a pressure wave. Evidence originally collected for fire debris or 
explosives analysis may also have areas or portions that are appropriate for DNA 
analysis. This is where the examiner must exercise their knowledge of the 
requirements of other forensic disciplines to ensure full exploitation of the 
evidence. 


11.1.2. DNA in Samples from Fire or Explosion Scenes 


Locating DNA at a fire or explosion scene or on collected items can be complicated. 
In a fire scene, soot and water may have covered the areas of interest, potentially 
concealing and diluting any biological fluid. Fire suppression and overhaul activ- 
ities may also wash away fluids and deposited cells and may remove potential 
evidence from where it was originally located. Overhaul sometimes removes 
materials from a scene to a pile of material outside of the structure to eliminate the 
potential for the fire re-kindling. 

In an explosion, the pressure wave may have scattered the materials with 
potential DNA. People investigating bombing scenes often swab witness materials, 
as discussed in Chap. 8. If there was a human victim who had body materials 
removed and scattered by the explosion, it is possible that the swabs may capture 
some of their cells or biological fluids, which can be tested for the presence of 
DNA. Unfortunately, explosives analysis will typically consume these swabs, so it 
is important for examiners and investigators to communicate as to which exami- 
nation is more pertinent for the investigation. 

Evidence collected for fire debris analysis may also contain potential DNA. 
Containers used to transport an ignitable liquid to the scene by a perpetrator, such as 
gasoline cans, may have some DNA present in deposited skin cells. Cloth used to 
make wicks for Molotov cocktails may have biological fluids or skin cells, par- 
ticularly if they are fashioned from clothing. In some cases, the perpetrator may use 
a delay device that uses a lit cigarette, which can potentially contain DNA from 
initial ignition of the cigarette. In addition, if the perpetrator is a smoker, there will 
often be cigarette butts left outside or inside the scene. The original investigator 
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may not be aware that these items could possibly be tested for DNA and may 
initially only submit them for ignitable liquid analysis because they appear to be 
part of an incendiary device. The fire debris/explosives examiner should be cog- 
nizant of the potential for these examinations and discuss them with the 
investigator. 

Areas in a fire with higher temperatures typically have recovery of fewer DNA 
profiles [2]. The time and intensity of the fire will greatly impact the extent to which 
DNA may still be intact within the crime scene. Bloodstains are a visually obvious 
potential source of DNA in a scene with fire damage. The use of chemicals which 
may reveal the presence of blood (such as Luminol® or Blue Star®) or an alternate 
light source which can help with detection of bodily fluids may be useful in finding 
some of these sources. The use of visualization agents such as Blue Star® and 
Luminol®, which are used to find bloodstains and residues, will not deleteriously 
affect the DNA [2]. However, like any items used to assist in collecting evidence, a 
comparison sample of the visualizing agent should be submitted to determine any 
interference with ignitable liquid analysis. The soot coating the blood spatter may 
have to be washed off with water before the blood detection chemicals will be 
effective. Unfortunately, blood spatter covered by soot may have been exposed to 
heat at a level, which would degrade the DNA. Knowledge of fire behavior and 
dynamics indicates that the spatter or other sources of DNA found closest to the 
floor or farther away from the point of origin have likely been exposed to lower 
temperatures (depending on the other fire dynamics parameters). If there are human 
remains such as bone and tissue from an unidentified individual found in the scene, 
these may be submitted for DNA testing for identification purposes. 

DNA sources that are not visible may also be present at crime scenes. This poses 
an obvious challenge for collection. Touch or trace DNA is DNA, typically skin 
cells, that is deposited from contact with a surface or item. Touch DNA typically 
leaves very small amounts of DNA, though increased sensitivity of analytical 
methods allows for the development of a useable DNA profile in many cases. The 
amount of touch DNA left on a surface or item varies based on a variety of factors 
including the duration and intensity of contact from a donor and the nature of the 
item; a single contact may not produce a DNA profile even in ideal circumstances. 
As with other sources of DNA, touch DNA can be degraded by exposure to 
environmental conditions [3]. In fire- or explosion-related crime scenes, touch DNA 
may be difficult to isolate on a sample due to the limited amount of DNA left 
behind, the direct effects of a fire/explosion, and the effect of subsequent fire 
suppression activities (water, foam, etc.). Despite these considerations, touch DNA 
can be a very valuable source of evidence and attempts at recovery should be made. 
Any item or surface that a perpetrator may have handled or touched may be a 
source of touch DNA including door handles, tools used to break into a scene, 
gasoline containers, and explosive or incendiary device components (bottles, metal 
or plastic pipes, wires, etc.). 
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11.1.3 Packaging Considerations for DNA Evidence 


The general collection and storage of DNA have certain requirements that must be 
followed to ensure that the evidence is not compromised further than it is when 
found at the scene. Most commonly, a sample is collected from a dried stain of 
blood or the evidence is swabbed using a sterile swab with sterile water. These 
swabs are then dried, packaged, and labeled to prevent cross-contamination or 
misidentification later. DNA evidence can generally be stored dry at room tem- 
perature, refrigerated short-term if it is a biological fluid (liquid), or frozen. If no 
ignitable liquid analysis is required, DNA evidence stored at room temperature 
should be in paper or another breathable packaging to avoid the accumulation of 
moisture that occurs if sealed in plastic. Plastic containers can be used for refrig- 
erated or frozen samples to ensure no liquid will seep into and through the outside 
container, potentially contaminating another piece of evidence. Moisture is the 
biggest hazard to DNA prior to being tested. This is due to the bacteria present in 
moisture that can very quickly degrade DNA [1]. 

Any evidence to be tested for ignitable liquids must be packaged in vapor-tight 
packaging, which is in direct conflict with preferred packaging for DNA analysis. If 
an item of evidence is not packaged in vapor-tight packaging, no ignitable liquid 
analysis should be performed. On the other hand, if an item is packaged in 
vapor-tight packaging, DNA analysis can still be performed. Generally, passive 
headspace concentration (PHC) should be performed before DNA analysis because 
it is relatively noninvasive to the sample (see Chap. 2). Solvent extraction should be 
avoided; if it is absolutely necessary, it should be conducted carefully to try to 
preserve as much of the sample for DNA analysis as possible. Upon completion of 
the fire debris analysis, the sample can be laid out to dry or (depending on labo- 
ratory protocols and the other tests to which it is to be subjected) repackaged for 
DNA analysis as soon as possible to maximize the evidentiary value. Alternative 
options for items that require fire debris and DNA analysis may be to freeze an item 
to preserve the sample, or separate a sub-sample for each analysis. For example, a 
portion of the sample, such as a visibly bloodstained region, can be collected for 
DNA and the remainder sent for testing for ignitable liquids. In most situations, 
however, ignitable liquid analysis should occur first. 

There are generally fewer issues in coupling DNA and explosives analysis, but 
where vapor-tight packaging is used for explosives evidence, the same considera- 
tions apply as discussed for fire debris. 

There may be scenarios where either the DNA or fire debris/explosive exami- 
nation must be prioritized over the other, depending on the needs of the case and 
throughput concerns. In these cases, the best approach is to identify the need for 
DNA and IL testing from the beginning. The investigator should submit the sample 
to the laboratory as quickly as possible, and then, the examiner can immediately do 
a passive headspace extraction. Once the extraction is complete, the sample can be 
sent for DNA analysis. Depending on the environment, DNA is stable at temper- 
atures below 100 °C, with complete degradation occurring around 190 °C [4]. 
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Temperatures routinely used in headspace extraction (approximately 60-65 °C 
overnight) will not degrade the DNA, no freezing/thawing of sample is necessary, 
and exposure of DNA to a moist environment is limited. In other cases, the pres- 
ence of an ignitable liquid may be proven by other methods (video evidence, for 
example), and the more important evidence is the DNA profile of whoever brought 
the ignitable liquid onto the scene. In these types of cases, the fire debris analysis 
can be canceled in favor of quickly processing the DNA analysis. Again, com- 
munication between disciplines and the submitter is useful for determining what 
testing is needed for the evidence. 

Anytime that DNA testing is considered, the strict adherence to wearing gloves 
and masks and reducing the personnel handling the evidence is critical to ensure 
there is no contamination of the evidence. With the sensitivity of modern DNA 
techniques, there is much greater risk for contamination. For example, gloves that 
have been worn to open evidence packaging should be changed prior to touching 
the actual item of evidence as secondary DNA transfer may occur, transferring 
DNA from the exterior packaging to the evidence via the examiner’s gloves. 
Reducing the likelihood of extraneous DNA sources can be the difference between 
a profile suitable for comparison and a complex mixture of low-level DNA infor- 
mation. If DNA at the scene has been compromised by multiple contributors, the 
likelihood of results with little to no value will also increase. Accounting for these 
exogenous contributors requires the collection of swabs from all first responders or 
others who may have contacted the evidence for elimination purposes. 

Current forensic methods and test kits for DNA are more sensitive than previous 
iterations and can give results for more degraded evidence than ever before. By 
careful handling, reduction of handling, and drying collected samples once ignitable 
liquid testing is complete, DNA testing should be viable even when additional 
testing is required for other disciplines such as fire debris or explosive analysis. 


11.2. Toolmark Analysis 


Ron Nichols, Nichols Forensic Science Consulting. 


In toolmark identification, a tool is defined as an implement to gain a mechanical 
advantage. It is also commonly thought of as being the harder of two objects such 
that when it comes into forcible contact with another, softer, object, it will leave a 
mark on that object. That mark is referred to as a toolmark. 

Toolmark identification is a discipline of forensic science that primarily seeks 
to determine whether a toolmark was produced by a particular tool. The presence of 
toolmarks on fragments from improvised explosive devices is quite common 
because tools are often used in the construction of the parent devices. Less com- 
mon, but of consideration, is the presence of toolmarks on doors, windows, cabi- 
nets, safes, or other locks that have been forced open to gain access. In addition to 
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determining whether a toolmark was produced by a particular tool, trained toolmark 
examiners can evaluate observed toolmarks and potentially determine the type of 
tool used to produce the toolmark along with more specific features on the tool 
surface. This can be valuable information for investigators looking to secure a 
search warrant or provide them guidance in determining which tools of a 
well-stocked workshop should be confiscated. Trained toolmark examiners can also 
intercompare toolmarks in the absence of a tool in an effort to determine whether 
the same or multiple tools may have been used in the construction of a device or the 
forcing of a locked object. In one particular case, toolmarks on recovered electrical 
components from an exploded device were compared with toolmarks on similar 
components of an unexploded device known to have been constructed by a par- 
ticular individual. Even though the tool was not available for comparison, the 
knowledge that the same tool generated those toolmarks on each of the devices 
helped provide the link the investigators needed. 


11.2.1 Types of Toolmarks 


In general, there are two types of toolmarks that may be observed. One is an 
impressed mark, which occurs when a tool surface contacts an object with suffi- 
cient force to leave behind an impression of that tool surface in that object. 
Figure 11.1 illustrates an example of impressed marks. The second type of mark 
that may be observed is a striated mark, which appears as a series of microscopic 
scratches on the surface of an object. This type of mark is generated when a tool is 
in contact with an object and then moves across the surface of that object, 
scratching the surface and leaving behind these microscopic lines or striations. 
Figure 11.2 illustrates an example of striated marks caused by the slipping of teeth 
from pliers as the pliers were rotated around the copper fitting. At times, there can 
be a combination of both when the tool is compressed into an object and then slips 
along the surface of that object, such that the striated mark emanates away from the 
impressed mark. 

These toolmarks are very useful in that the combination of features within the 
toolmark can be used to link the toolmark to the tool that created it. These features 
include what has been commonly referred to in the toolmark discipline as class and 
individual characteristics. Class characteristics are measurable features common to 
a particular group of objects, typically intended and produced by design. For 
example, slotted screwdrivers with a flat edge are designed with an intended pur- 
pose and will have different blade dimensions commensurate with that purpose. 
Another example would be slip joint pliers with serrated jaws. The width of each 
jaw is a class characteristic as is the spacing of the teeth along the surface of each 
jaw as depicted in Fig. 11.3. Often, class characteristics can be assessed to aid the 
investigator in determining the type of tool that was used in the creation of a 
particular toolmark. For example, in Fig. 11.5 the piece of wire (b) has a profile in 
which two angled surfaces come together at a point. Such a profile is caused by a 
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Fig. 11.1 Cast of impressed toolmarks produced by adjacent teeth from the jaw of a wrench. 
There is no lateral movement of the tool with the surface 


Fig. 11.2 Striated toolmarks caused by the movement of the teeth of pliers as the jaws gripped the 
pipe fitting and were rotated around it 
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Fig. 11.3. A single jaw from 2 
slip joint pliers illustrating Jaw Width 
two class characteristics—jaw 
width and spacing of the teeth 
on the jaw 


tool having a double-edged cutter (a) in which the blades cut into each side of the 
wire, and as they come together, the wire is pinched by the two blades and breaks. 


11.2.2. Individualizing Toolmarks 


Individual characteristics are random imperfections and irregularities on the 
working surface of the tool created incidental to the manufacturing process of that 
tool. That means that they are unintended and not a design feature, simply a 
consequence of the manufacturing process of that tool surface along with, poten- 
tially, later use. These marks can be microscopic or observable to the unaided eye, 
such as might happen if a tool surface breaks. The combination of such 
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Fig. 11.4 Jaw of pliers with trace copper residues on the surface of the teeth. During the 
examination of tools, it is important to evaluate tool surfaces for such trace evidence, which can 
provide information about the use of that tool 


characteristics on a tool surface is generally considered unique to that tool and can 
be used to differentiate that tool from others having similar class characteristics. It is 
also important when assessing the tools suspected of being the source of the 
toolmark to consider if there may be trace evidence present, which needs additional 
testing as depicted in Fig. 11.4. 


11.2.3, Toolmarks from Fire or Explosion Scenes 


For fire debris and explosive examiners, the consideration is whether any of these 
items which may have toolmarks present have been adversely affected by the fire or 
explosion. Pressure may deform the toolmark and potentially tools left in or near the 
scene. Should either be deformed, it can cause the resulting examination to be 
significantly more challenging. However, the issue of deformation may not be 
discernable to the fire debris or explosive examiner and should be taken to the 
toolmark examiner for their judgment. The collection and preservation of evidence 
from a fire or explosion often require the evidence to be packaged in an airtight 
container. Depending on the laboratory, it may be days, weeks, or even months 
before the item is opened and examined. A ferrous item sealed in a container with 
even a small amount of moisture may rust on the surface, thus rendering the item 
useless to the toolmark examiner if the toolmark or tool surface is rusted. Other 
materials, composed of organic materials such as wood or plastic door or window 
frames and flooring that have an impression from a tool on them, may allow the 
growth of mold in the sealed container, which might render them useless as well. If 
a fire debris or explosives examiner determines that there is a potential for the 
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evidence item or a portion of it to be useful for toolmark examination, the examiner 
should coordinate with a toolmark examiner to determine if the item should 
be dried. 


11.2.4 Conclusions from Toolmark Analyses 


When making toolmark comparisons, examiners generally will reach one of several 
conclusions. The first is an identification, in which class characteristics agree and 
there is sufficient correspondence of individual markings to support that the tool- 
marks were created by the same tool. It should be noted that when offering such an 
opinion, the examiner is not implying that such a determination is made to the 
exclusion of all other tools. The AFTE Theory of Identification, a consensus 
statement of the Association of Firearm and Toolmark Examiners (AFTE), dis- 
cusses a practical identity. This means that while not every tool can be examined, 
the likelihood of another tool producing that toolmark is so remote that for all 
practical purposes it can be ignored. The second conclusion that may be reached is 
an exclusion, in which class characteristics are different or there is a significant 
difference in individual characteristics in the toolmarks. The third conclusion that 
can be reached is referred to as an inconclusive, an opinion typically rendered when 
class characteristics agree, but there is insufficient correspondence for an identifi- 
cation or insufficient differences for an elimination. The last conclusion that may be 
offered is that the toolmark is unsuitable for comparison or identification. This 
would also be the likely conclusion if fire or explosion had deformed either the tool 
or the surface markings to which it was to be compared. 

Figure 11.5 illustrates a case example in which assessments, examinations, and 
comparisons have been made leading to the identification of some toolmarks with a 
submitted tool and the elimination of other toolmarks as having been made by that 
tool. The submitted tool is a double-edge wire cutter, often referred to as a side 
cutter because of the blade design (a). Using the submitted tool and wire similar to 
the wire in question, test marks were produced in that wire resulting in the profile 
represented in (b). This profile is different from the profile observed on one of the 
evidence wires (c) and thus serves as the basis for an elimination based on different 
class characteristics. When compared with other submitted evidence toolmarks as 
illustrated in (d), there was sufficient correspondence of a combination of individual 
markings to conclude that the submitted tool did produce the other toolmarks 
present on submitted evidence. 

For the most part, fire debris or explosives analysis will not interfere with 
toolmark examinations. During their examination, the fire debris and explosives 
examiner should note the presence of any wiring, pipes, tubes, or other items in the 
submitted exhibit. If noted, these may need to be sent to the toolmark examiner for 
a proper evaluation and potential comparison with submitted tools. 
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(b) 


(c) 


Fig. 11.5 a In this case example, the submitted tool is a double-edge wire cutter, often referred to 
as a side cutter because of the blade design. b Test marks were produced in that wire resulting in a 
profile representative of a double-bladed cutter. ¢ Profile in b is different than what is seen on ¢ and 
thus serves as the basis for an elimination based on different class characteristics. d Toolmarks in 
comparisons 
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(d) 


Fig. 11.5 (continued) 


11.3. Latent Print Evidence 


Tania Kapila, Fingerprint Specialist, Bureau of Alcohol, Tobacco, Firearms, & 
Explosives, Forensic Science Laboratory-San Francisco. 


Friction ridge skin is present on the palm (palmar) side of the hands and the 
soles (plantar) of the feet. It has a corrugated appearance, with the ridges being 
higher than the furrows. In order for a latent print to be created, there must be a 
matrix; when referring to latent prints, a matrix is a substance deposited on the 
friction ridge skin and the surface on which the print will be deposited. This matrix 
can be blood, paint, dust or dirt, oil, etc. Natural secretions from the eccrine glands 
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(sweat) and sebaceous glands (oils) are made by the human body, so these are 
probably the most common matrices in latent prints [5]. The term ‘latent’ is Latin 
for hidden or unseen; however, in forensic science, the term is often used generi- 
cally for any reproduction of a friction ridge skin pattern recovered from an item of 
evidence or crime scene, whether visible or the result of chemical enhancement. It is 
important to remember that latent prints produced with sweat are almost 99% water, 
which means they can be very fragile [6]. As such, care in handling any object 
suspected to have latent prints is important. 


11.3.1 Factors Affecting the Recovery of Latent Prints 


By the nature of their chemical composition, latent prints are particularly suscep- 
tible to damage. The damage may be the result of environmental conditions, such as 
high temperatures, or excessive friction, and rough treatment resulting from the 
initial event and subsequent suppression, overhaul, or rescue operations. After 
sufficient exposure to heat, latent prints may lose their original water content; 
however, residual solids from the print, such as salts, may still be present and useful 
for latent print development [7]. Alternatively, fire suppression techniques such as 
water from a fire hose and chemical fire extinguishers can wash away latent print 
residues or damage them to the point that they are no longer of value for identi- 
fication purposes. 

The initial event can have further effects on the recoverability of latent prints 
beyond simply the heat-related degradation. For example, in an explosion, items 
close to the blast seat, e.g., parts of a device, are moved rapidly by the force of the 
explosion’s pressure wave, and they may drag or tumble along the ground. The 
friction from dragging and tumbling can potentially wipe latent prints from the 
surface. In a fire, items that are more distant from the flames may not be exposed to 
excessive heat, but soot can build up on the item and be difficult to remove. There 
have, however, been studies conducted that demonstrate that removal of soot can 
reveal identifiable latent prints [8]. As such, it is important to handle post-fire and 
post-explosion evidence carefully, even if it seems initially as though there is little 
likelihood of latent prints being present. 

Ultimately, at a fire or explosion event, the first priority on scene is safety and 
fire suppression. First-responding personnel are not necessarily considering evi- 
dentiary value as much as they are attempting to rescue victims and mitigate 
hazards. Items may not be able to be protected from accidental damage from falling 
debris, shoveling, and other rough handling or moving of objects during this initial 
phase. Regardless of the challenges posed by these types of scenes, viable latent 
print evidence may exist. 
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11.3.2. Handling of Evidence 


It is important to think about how to handle the evidence prior to fingerprint 
examination. Improper or excessive handling of evidentiary items probably 
destroys more latent print evidence than any other factor. 

A fire debris or explosive chemist ideally receives the evidence early in the 
laboratory processing scheme. It is the responsibility of the chemist to handle the 
evidence carefully so as not to damage any latent prints present during the course of 
their analysis. There are several factors to consider, such as: 


e Is the item porous or non-porous? Porous items absorb the residue from the 
latent prints and therefore provide a form of protection from being easily wiped 
away. Latent prints on non-porous items, on the other hand, are on the surface of 
the item, making them extremely fragile and more susceptible to damage. 

e Is the item smooth or textured? Smoother surfaces are better for developing an 
identifiable latent print as there is less chance of interference between the skin 
and the surface. As the surface becomes more textured, the skin’s ability to 
make full contact with the surface decreases. As contact between the friction 
ridge skin and the textured surface decreases, the possibility of developing a 
usable latent print decreases. There are various techniques that aid in visualizing 
latent prints on some textured surfaces; therefore, a latent print examiner should 
be consulted prior to handling this type of evidence. Keep in mind that textured 
surfaces are good for DNA evidence, and when possible should be swabbed 
prior to a latent print examination. 

e What is the size of the item? The smaller the item, the less surface area there is 
to leave a latent print on. The smaller the latent print gets, the less quantity of 
detail there is which can decrease the chances of the latent print being 
identifiable. 


If the chemist does have to handle the item prior to the latent print examination, 
they should attempt to do so in a way that makes minimal contact and is different 
from normal handling. For example, if the item is a soda can, an index finger can be 
placed on the top rim and thumb on the bottom rim of the can (taking care to avoid 
the mouth area for possible DNA evidence). This type of handling attempts to avoid 
contact with the regions that are the most likely to yield viable latent print evidence. 

No evidence should be handled without wearing gloves, but it should be noted 
that gloves do not protect the latent prints on the item from being damaged; they 
protect the examiner from exposure to contaminants and they may protect the 
examiner from leaving prints on the item, but not always. It is possible for latex 
gloves that get contaminated with dirt or other substances to transfer the examiner’s 
fingerprints onto an item [9, 10]. 
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11.3.3 Latent Print Processing 


There are various ways to process an item of evidence for latent prints after a 
thorough visual examination. Each laboratory’s policies and procedures should be 
consulted for specific details. A common technique that many laboratories use for 
processing non-porous items is cyanoacrylate fuming. Prior to fuming, the item is 
exposed to humidity in an attempt to rejuvenate the moisture that may have been 
lost in the latent print. Then, a small amount of cyanoacrylate is heated and the 
fumes polymerize on any latent print residue on the item. After the fuming process, 
it is possible that the latent prints are visible and can be photographed. The next step 
is usually to apply one of many dye stains, which adhere to the cyanoacrylate 
residue and will fluoresce when viewed with an alternate light source. At this point, 
any latent prints that are fluorescing can be photographed. Traditional powder 
processes can be used either before or after the dye stain process. 

If an item is porous, there are several chemicals, such as ninhydrin, that can be used 
to make the latent prints visible. These chemicals can be applied by using a squirt 
bottle, spraying, brushing, or dipping the item. If the item will also be examined for 
DNA, it should not be brushed or dipped to prevent cross-contamination of loss of 
biological material that may be present. Semi-porous items, such as glossy cardboard, 
can go through both the non-porous and porous processes. 


11.3.4 Fire Debris Evidence 


It is important that a fire debris chemist starts with the evidence so that the latent 
print processing does not compromise their examination. The application of a dye 
stain or other chemical rinse may literally add a solvent (ignitable liquid) to the 
evidence, unavoidably contaminating it for future fire debris analysis. Additionally, 
the cyanoacrylate fuming of the evidence typically involves multiple items being 
exposed to air at the same time, risking cross-contamination of ignitable liquid 
residues. The evacuation of the fuming chamber that follows the fuming would 
potentially eliminate remaining ignitable liquid residues. The fire debris examina- 
tion, however, should be performed in a way that maximizes the total useful evi- 
dence that can be obtained from the item. Discussion between examiners, where 
possible, is ideal to determine the best approach to the evidence. 

Common items seen include glass bottles, gas cans, cloth, paper, cigarettes, 
matches/matchbooks, and lighters. The damage to items from a scene can range 
from practically free of soot/fire damage to heavily soot-/fire-damaged. The more 
damage to the item, the less chances of recovering identifiable latent prints; how- 
ever, studies have reported that if the soot is deposited prior to the moisture in the 
print evaporating, it increases the likelihood that prints can be recovered [8]. 
Heavily damaged items may still have protected areas, areas that were protected 
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Fig. 11.6 Melted plastic container (left) with protected area on the bottom (right) 


from the fire. The protected areas are still viable areas to develop latent prints 
(Fig. 11.6). 

Fire debris evidence should be evaluated for DNA as well, particularly protected 
areas. Whether the item is swabbed prior to a latent print examination, after a latent 
print examination, or both will still depend on whether the surface is textured or 
smooth. For example, a lighter should have the textured wheel, which is not a good 
surface for fingerprints, swabbed for DNA prior to the latent print examination and 
the remaining areas swabbed after the latent print examination. The mouthpiece of 
bottles should be swabbed for DNA regardless of what the bottle contained prior to 
collection. Keep in mind that DNA can be recovered from the mouth area of bottles 
that contained other liquids that are not intended for consumption. Gasoline cans, 
and any container with a handle, should have the handle area swabbed. The normal 
handling areas, such as the neck of a bottle or bottom of a gas can (when pouring a 
full can it is normal to have one hand on the handle and one on the bottom for 
support), should be considered. 

Ideally, cigarettes should be examined for latent prints first. When the cigarette 
only has a small filter area left, it may be sent to the DNA section without sub- 
jecting it to the chemical processes in a latent print examination, as this is likely the 
“best evidence’ for this small item. Paper can be swabbed or cuttings can be taken 
after a latent print examination. Depending on what chemical process was used, 
there may be areas on the paper where the reaction caused a color change, with or 
without visible friction ridge detail, which may indicate the presence of proteins, 
fats, or oils. These are good indications for areas to swab or cut for DNA analysis 
[11]. Cloth wicks may not suitable for a latent print examination, but good for a 
DNA examination. After the evidence has been processed for latent prints, there 
may be areas of ridge detail that can be swabbed (only after a latent print examiner 
has preserved necessary ridge detail). There may also be areas that indicate contact 


322 C. E. Chasteen 


was made, such as areas that have what appear to be swipe marks of fingers even 
though there is no ridge detail present. These areas may also be good areas for DNA 
swabbing. 


11.3.5 Explosives Evidence 


As in fire debris analysis, it is important that an explosive chemist starts with the 
evidence, if possible, so that the latent print processing does not compromise their 
examination. Once again, different sections should work hand-in-hand to evaluate 
the evidence to see what examinations can be performed and in what order they 
should be conducted. For example, if tape is wrapped around a pipe, it is ideal for 
the explosives chemist to perform a rinse on the interior of the pipe prior to the 
latent print examiner processing the tape. This allows the explosives examiner to 
identify the post-blast residues (as discussed in Chap. 8) while retaining the 
potential latent prints on the pipe and tape exterior. The ends of the tape should be 
carefully preserved for comparison to any rolls of tape seized by the suspect. 

Although there are various types of explosives devices, as discussed in Chap. 9, 
some common componentry is especially important in the context of latent print 
analysis. One example is tape, which can be an excellent source for latent finger- 
prints [12]. Two common types seen in explosives cases are duct tape and electrical 
tape, usually wrapped around a pipe or device body. Before directing the pipe and 
tape to a latent print examiner, it may be necessary to consult with a trace examiner, 
as they may need a tape sample that has not been exposed to chemical processing 
(see Sect. 11.4.1). The trace examiner can also assist with looking for and col- 
lecting possible hairs and fibers from the tape during removal from the device to 
maximize the evidence that can be obtained from the item. 

Ideally, the outer layers of tape should be processed and examined for the 
presence of identifiable latent prints, and then swabbed for DNA, prior to removal. 
There could be prints that overlap the pieces of the exposed tape that are identifiable 
when the tape is left in place, but after the tape is peeled off it may separate the print 
to the point where it is no longer of value (Fig. 11.7). The outer layers may also 
have been handled by other individuals between the construction of the device and 
receipt in the laboratory. Removing the tape and processing both the adhesive and 
non-adhesive sides of the protected layers should follow processing of the exterior. 
Any latent prints on the protected layers have an increased likelihood of being 
placed there by the individual that constructed the device. 

As discussed in Chap. 9, pipes are often used as the container for an improvised 
explosive device. Metal pipes generally have threaded ends that are not good for 
latent prints, but are good for DNA; the smooth areas of pipes, whether metal or 
plastic, are a good surface for latent prints. There can be a broad variety of other 
components present, and each component should be assessed to determine if a 
latent print examination would be of value. Larger, smoother components such as 
batteries, present an excellent surface for the deposition of latent prints. Many 
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Fig. 11.7 Tape-wrapped pipe (top) with print on overlapping tape pieces (bottom) 


times, wires and enhancements (discussed in Chap. 9) are too small or textured for 
identifiable latent prints to be present, but they can be swabbed for DNA. 
Especially, good areas to swab for DNA are areas of wires that have been twisted 
together. Thinking about how an item is normally handled is not only good for 
attempting to preserve latent prints, but also for DNA collection. Buttons, switches, 
lids, handles, levers, end caps, bodies of pipes, etc., should be swabbed for DNA as 
well. 


11.4 Trace Evidence 


Jamie Baerncopf, Forensic Chemist- Fire Debris, Bureau of Alcohol, Tobacco, 
Firearms, and Explosives, Forensic Science Laboratory-San Francisco. 
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Trace evidence constitutes a broad range of evidence types which may include 
tape and adhesives, fibers, hairs, paint, and other microscopic materials. Trace 
evidence is commonly encountered in fire and explosives investigations. An 
examiner conducting a fire debris or explosives examination may be cross-trained 
in the analysis of certain types of trace evidence. If not, they must be trained in the 
recognition of trace evidence even if they convene with a trace examiner for evi- 
dence collection. Great care should be used when analyzing items that may contain 
trace evidence as trace evidence may be easily lost. For example, incendiary and 
explosive devices are commonly an abundant source of evidence and should be 
handled in such a way as to maximize the amount of evidence recovered. Below is a 
discussion of different types of trace evidence that may be encountered by an 
examiner; however, the list is not exhaustive. 


11.4.1 Tape and Adhesives 


Tapes may be examined in a wide variety of contexts for fire debris or explosives 
examination. For example, electrical tape may be collected from a pipe bomb, duct 
tape may have been used to bind a victim’s hands who was subsequently burned, or 
office tape may have been used to seal a bomb threat letter. In all of these cases, it is 
possible to compare a questioned tape such as that from a device or scene to another 
questioned tape to link evidence from different scenes or to known tape collected 
from a suspect. Studies have shown that there is adequate variability between 
brands and batches of tape and consistency within a single roll of tape to give value 
to such a comparison of questioned to known [13-16]. A wide variety of instru- 
mentation is involved in a tape comparison including stereomicroscopy, polarized 
light microscopy (PLM), fourier transform infrared spectroscopy (FTIR), scanning 
electron microscope-energy dispersive X-ray spectroscopy (SEM-EDS), and gas 
chromatography-mass spectrometry (GC-MS). 

At the most basic level, tapes consist of an adhesive applied to a backing. 
Depending on the end use, tape construction may be more complex such as the 
addition of fabric or fiber reinforcement in duct or filament tape. Additional levels 
of complexity add value to the comparison of two tapes. The backing, adhesive, and 
fabric reinforcement are the components of tape that are most commonly analyzed 
and compared. A comparison of physical and microscopical characteristics such as 
width, thickness, backing color, backing surface texture, and adhesive color should 
be done before chemical analysis (Fig. 11.8). If any of these characteristics are 
considerably different between a questioned and a known sample, no further 
analysis is required and it may be concluded that the tapes originated from different 
sources. If the physical characteristics are generally consistent between a questioned 
and a known tape, a comparison of the chemical composition, including elemental 
composition, will follow. If the physical characteristics and chemical composition 
of a questioned and known tape are consistent, it may be concluded that the two 
originated from the same source or another source with the same physical 
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Fig. 11.8 Surface texture of the backing of an electrical tape viewed parallel (a) and 
perpendicular (b) to the length of the tape viewed under a stereomicroscope 


characteristics and chemical composition. An examiner may not unequivocally state 
that a questioned and known tape originated from the same source unless a physical 
fit between the two can be made. 

Typical passive headspace analysis for fire debris should not affect the examination 
of tape; however, the use of solvents in either a fire debris or explosives examination or 
latent print processing may affect the analysis. A fire debris or an explosives examiner 
should preserve an area of the tape for subsequent trace examination. A length of one 
inch encompassing the full width of the tape is ideal; however, cases are frequently far 
from ideal. Oftentimes with post-fire or post-blast evidence, it is difficult to find a 
protected area of tape for analysis. The tape may be contaminated with dirt or other 
material, and the tape may be burned or stretched, which may affect both chemical 
composition and physical characteristics. In these cases, it is generally best to consult 
with a trace examiner who will advise or may select their own areas for analysis. 

Other adhesives may also be encountered in fire debris or explosives cases, 
particularly in devices where they can be used to secure fuses or other components. 
Analysis of these adhesives is considerably simpler than tape and generally 
involves identification of the type of adhesive by FTIR. 


11.4.2. Hairs and Fibers 


Hairs and fibers are a crucial piece of trace evidence as they may link an item of 
evidence to a person [17, 18]. A fire debris or explosives examiner should always 
be observant of hairs and fibers and evaluate their potential significance, even if a 
trace examination is not specifically requested. 
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Fig. 11.9 Tufts of purple fibers of interest marked on the adhesive side of duct tape 


There are innumerable places where an examiner may find hairs and fibers. Hairs 
or fibers collected from the clothing of a victim or suspect may indicate contact 
between two people. Hairs or fibers collected from a Molotov cocktail or pipe bomb 
may provide a valuable link to the person who constructed the device. Tape and 
adhesives are often great sources of trace evidence as hairs and fibers may be 
attached to the adhesive side of the tape or caught up in the adhesive used to attach 
components of a device (Fig. )). However, in evaluating evidence for hairs and 
fibers, it is important to consider the context. When in doubt, it is often best to 
collect the trace evidence in case it is determined to be probative at a later time. 

Ropes or cordage may be collected as evidence for comparison to fibers, such as 
twine used in a possible initiation system in an explosive device or rope used to 
bind the hands of a victim who was subsequently burned. In these cases, the 
structure of the cordage including construction and fiber type may be compared to 
that collected from a suspect. Though simpler than cordage, fishing line, or 
monofilament line, may also be encountered in casework. For example, a device in 
a case submitted to the author’s laboratory included a monofilament line used as an 
initiation device. Monofilament line is not as complex as the construction of rope or 
twine, but it was still valuable to the investigation when it was determined to be 
consistent with the fishing line collected from the suspect’s residence. 

A fabric comparison may also be requested as part of a trace examination. This is 
common when clothing or cloth of some kind is part of an incendiary or explosive 
device, such as a cloth wick in a Molotov cocktail or a pipe bomb wrapped in cloth 
to conceal it. In a questioned fabric, there are several features for comparison to a 
known fabric including fiber type, knit or weave type, and overall fabric con- 
struction (Fig. )). Printed fabric may also provide an additional point of 
comparison. Multiple cases have been submitted to the author’s laboratory in which 
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Fig. 11.10 Comparison of the construction of two white fabrics, one woven (a, with repeating 
weave pattern marked) and one knit (b) 


investigators requested a comparison of cloth wicks from Molotov cocktails to an 
item recovered from a suspect’s house. In one case, it was determined that, though 
the fiber content of the cloth wicks and curtains from a suspect’s house were 
consistent, the construction differed so the curtains could not have been the source 
of the cloth wicks used in the Molotov cocktails. In another case, cloth wick with a 
floral pattern was physically fit to a bedsheet at a suspect’s home. 

Possible hairs should be collected with great care in an effort to not break or 
damage the hair. If a hair is broken during collection, it should be noted and the two 
pieces preserved together if possible. A trace examiner will determine if the hair is 
animal or human. If the hair is human, it can be further characterized by race and 
somatic origin. The gross characteristics of the hair such as the length, color, and 
appearance (straight, curly, etc.) can be used to determine the value of a questioned 
hair and may influence further analysis. For example, a comparison of a long brown 
hair from the scene to a suspect with short red hair is not necessary. If the gross 
physical properties of the hair are consistent with a person of interest, it may be 
possible to do a microscopical comparison of the questioned and known hairs. 
Typically, head and pubic hairs are microscopically compared since other body hair 
may lack sufficient microscopic characteristics for comparison. Microscopical 
comparison of hairs can be of great value to an investigation; however, it should be 
noted that testimony regarding the strength of associations based on hair compar- 
isons has been discussed in recent years [19]. 

Hairs can also contain valuable DNA evidence. Hairs may be submitted for 
nuclear or mitochondrial DNA analysis. Most hairs are suitable for mitochondrial 
DNA analysis, whereas only hairs with possible tissue attached are suitable for 
nuclear DNA analysis (Fig. 11.11). Though nuclear DNA analysis is more 
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Fig. 11.11 Human hair root a 
with tissue attached which 


would be suitable for nuclear 
DNA analysis 


definitive in identifying a suspect, mitochondrial DNA can still be extremely 
valuable, particularly when coupled with a microscopical comparison. 

Hairs and fibers may be collected and preserved in various ways. Oftentimes, 
hairs and fibers may be simply collected on the sticky portion of a paper sticky note, 
then folded over, and preserved in a small manila envelope. Alternatively, hairs, 
fibers, or any other trace evidence may be saved in a piece of paper folded to make 
a pocket or in a petri dish. With these alternate methods, the hair or fiber may be 
more difficult to find. Depending on the substrate, tape lifts and vacuum sweepings 
may also be effective methods for collecting hairs and fibers. It may be useful to 
communicate with a trace examiner to determine their preferred method of 
preservation. 


11.4.3 Paints and Coatings 


Examiners should also be aware of the potential value of paints and coatings as 
trace evidence. In fire debris and explosives casework, the examiner primarily sees 
architectural paint and spray paint, though automotive paint may be encountered as 
well. Paints/coatings may be observed on a device such as a pipe bomb or it may be 
observed as graffiti at a scene. In such cases, paint found on a piece of evidence, 
such as a device, may be compared to paint collected from a suspect, from another 
painted item, or from a scene. For example, spray-painted graffiti was scraped off a 
wall at a fire scene and compared to spray paint collected from a suspect 
(Fig. 11.12). The spray paints were determined to be different in physical charac- 
teristics and chemical composition. 

Both physical characteristics and chemical composition of paints and coatings 
can be evaluated and compared [20]. Physical characteristics include color and 
surface features/texture. The instrumentation typically used to determine chemical 
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Fig. 11.12 Comparison of spray paint from graffiti at a fire scene (a) and spray paints recovered 
from a suspect (b—d) 


and elemental composition includes FTIR, pyrolysis GC-MS, SEM-EDS, and PLM 
to identify components such as the binder, pigments, extenders, and additives. 

Paints and coatings may be recovered in a number of ways. For items that have 
been painted, a trace examiner may prefer to examine the entire piece of evidence 
and collect the paint themselves. Otherwise, a fire debris or explosives examiner 
may scrape a sample of the paint from the item, recover a loose paint chip in a paper 
fold or on a post-it note, or tape lift to collect paint from an item such as clothing. In 
collecting paint that may contain layers, it is important that all layers are collected, 
down to the unpainted substrate. It should be noted that tape adhesive may interfere 
with the analysis of the paint [21]. The fire debris/explosives examiner should 
consult with a trace evidence examiner to determine if the paint evidence should be 
collected before beginning their analysis. 
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11.4.4 Other Trace Evidence 


This chapter does not attempt to include all possible trace evidence that may be 
encountered in fire debris or explosives casework. For instance, glass and soil are 
common types of trace evidence that can link a victim or suspect to a scene. Though 
glass, soil, and other microscopic evidence may not be frequently encountered in 
fire debris or explosives casework, an examiner should always approach a case with 
an open mind and a sharp eye for any possible trace that could be probative in an 
investigation. 


11.5 Forensic Engineering in Fire and Explosives 
Investigations 


Jeremy Neagle, P.E, Electrical Engineer, ATF Fire Research Laboratory. 


Forensic engineering applies the principles of engineering to the evaluation of 
materials, systems, appliances, wiring, or objects. The application of these princi- 
ples, standards, and tests allows the engineer to provide an opinion of the cause of 
the failure or performance of the item [22].Testing may fall under one or more of 
many engineering disciplines. However, forensic engineering related to fire and 
explosives investigations typically involves electrical/electronics engineering, 
mechanical engineering, fire protection engineering, or structural engineering. In 
many fire investigations, damaged wiring or appliances will need to be examined by 
an electrical or mechanical engineer to determine if it was damaged as a result of the 
fire or was the cause of the fire. Forensic engineers may perform standardized 
testing and examinations through the course of their duties. However, they are 
typically employed to find solutions to unique investigative questions. 

Forensic engineers utilize their education, training, and skills to tailor an analysis 
specific to the question at hand. In fire and explosives investigations, the tools used 
often include physical examination (including microscopy, radiography, computed 
tomography), electronic data recovery, materials testing, small- or full-scale testing 
and measurement, mathematical analysis, computer modeling, etc. 

Forensic electrical engineers examine fire-damaged electrical/electronic items for 
evidence of failures that may have played a role in a fire’s cause. This analysis may 
be done in the field or in the laboratory. They often survey electrical system 
conductors and appliance wiring for artifacts of fire-induced damage to the wires or 
conduct larger-scale mapping activities in an attempt to glean information about 
how the fire and electrical system interacted. These activities may be used to aid in 
the establishment of an area of fire origin, fire growth, or movement within a 
compartment, timeline development, or establish a sequence of events. Gaining a 
thorough understanding of a structure’s electrical system, and how it interacted with 
a fire, may also yield other investigative information and should be fully exploited. 
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Forensic fire protection/mechanical engineers examine fire protection systems, 
detection, and alarm systems and analyze data from these systems to get a better 
understanding of the interaction of the systems with the fire. These systems may 
provide both physical and electronic data. Further, forensic fire protection/ 
mechanical engineers may be engaged in testing of various fire scenarios or 
hypotheses, either physically, cognitively, or through the use of mathematical or 
computer-aided methods. Much of this work relies upon complete and accurate 
input data for analysis. This often requires the identification and characterization of 
fuel or other materials recovered from a fire scene. Generally, an analysis is only as 
accurate as the underlying assumptions and input data. A greater understanding of 
the materials involved in a fire can greatly improve the results of a test/analysis. 


11.5.1 Interactions with Fire Debris and Explosives 
Examiners 


While there is not generally as much interchange between fire debris/explosive 
chemists and forensic engineers as there is with the other disciplines already dis- 
cussed, a symbiotic relationship between forensic chemists and forensic engineers 
can produce otherwise unrealized data about a given item. For example, the 
identification of arc melting on electrical conductors may not be possible with the 
tools typically available to an electrical engineer. High-level magnification or ele- 
mental analysis of an artifact may be required to accurately make a determination. 
SEM-EDS analysis is typically within the purview of the forensic chemist. Working 
together, the forensic chemist and electrical engineer can examine features such as 
grain structure and porosity of the metal, or identify elements such as zinc, alu- 
minum, or iron on a copper conductor. These findings may allow a determination of 
arc melting versus alloying or other damages (Figs. 11.13 and 11.14). 

Often, forensic engineers have access to radiography equipment, both digital 
radiography (X-ray) and computed tomography (CT). These tools can be invaluable 
to the forensic chemist during the examination of explosive devices, as they can be 
utilized to identify items not otherwise visible to the examiner. This includes items 
within the containment of the device, beneath or within layers of tape, glue or other 
adhesives, etc. Items of trace evidence may be revealed by separating materials by 
density and thickness using a CT scanner prior to disassembly of the item. 

Electrical/electronics engineers often have a vast knowledge of electrical/ 
electronic components and can be a useful resource for the forensic chemist in 
identifying items recovered from an explosive device or post-blast scene. The 
engineer’s knowledge may assist in identifying explosive device components, 
either by manufacturer/model, type/function of component, or the source of the 
component where items have been harvested from other products to construct the 
device. With post-blast debris, forensic engineers can also be useful in differenti- 
ating items, which may be from device components versus other items found at the 
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Fig. 11.13 Microscope 
image (top) and SEM image 
(bottom) of arc melting on 
copper wire [23] 


Fig. 11.14 Image of a hole 
formed by alloying of steel 
conduit and aluminum wire 
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scene (e.g., separating device components of a vehicle-borne explosive device from 
vehicle components). 

Electrical/electronics engineers may also be utilized to assist with the develop- 
ment of incendiary and explosive device circuits and schematic diagrams. Further, 
they may be able to analyze or test the circuit for operation or functionality. Lastly, 
they may be able to examine device components to determine if the components 
have been modified or tampered with. 

Fire protection engineers may conduct fire tests or perform computer fire 
modeling to test hypotheses related to a fire, or to study a particular fire scenario. 
Exemplar or test materials are often used to represent those found at the scene. 
While engineers may have the majority of equipment necessary to quantify and 
compare exemplar or test materials to materials recovered from the scene, a forensic 
chemist is often relied upon to provide information about these materials. For 
example, a trace chemist may be needed to identify and compare carpet materials or 
to examine fabrics to determine the type or blend of fibers. 

While forensic engineers and chemists may work independently, there are times 
when the work of one may impact the other. In these situations, careful coordination 
is required to ensure that the objectives of both disciplines are met. Much of a 
forensic engineer’s work relies on non-destructive testing (NDT) techniques. 
However, often items must be carefully disassembled during the examination 
process to identify potential failures or further study the item. It is generally pre- 
ferred for other forensic disciplines (including fire debris/explosive chemists, trace 
chemists, DNA, latent print and toolmark examiners) to perform their work first so 
that trace evidence is not disturbed during the forensic engineering examination. 

While carrying out their examinations, forensic examiners should consider any 
potential impact that their examinations may have the subsequent work of a forensic 
engineer. This may require increased awareness when multiple forensic disciplines 
are involved and items of evidence are passed between examiners. 

Passive headspace concentration for fire debris analysis does not alter the 
physical characteristics of the evidence and should not affect the forensic engineer’s 
examination. An explosive chemist’s work is typically much more invasive and 
may alter items of evidence. Device components may be disassembled in an attempt 
to collect explosive material or residue samples, to identify device components, or 
to recover items of trace evidence. In these cases, if a forensic engineering 
examination is to be conducted, it is generally best to consult with the forensic 
engineer to formulate an examination plan that yields the best result. It is also 
advisable to extensively document and photograph any assembly as received before 
disassembly begins, as the original configuration is typically very important for the 
forensic engineer and may not be immediately intuitive. Additionally, documenting 
each step of the disassembly is critically important to capture any mechanical 
components which were not documented on the initial observations. 
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11.6 Integrating Fire and Explosives Analysis with Other 
Forensic Disciplines 


Carl E. Chasteen, BS, CPM, FABC, Chief of Forensic Services, Bureau of 
Forensic Services, Division of Investigative and Forensic Services, Department of 
Financial Services, State of Florida. 


For fire debris and explosives examiners, the required extractions and device 
deconstruction for explosives and ignitable liquid residues could potentially com- 
promise future examinations by the other disciplines. A decision must be made as to 
which type of evidence analysis will potentially provide the most information. This 
‘choice’ has been referred to as the ‘best evidence’ choice or ‘conundrum.’ Rarely 
is there a perfect schema or plan. Examiners and laboratories are encouraged to give 
this issue consideration in advance and in conjunction with other disciplines, where 
possible. Some samples are potentially delicate and may not survive a fire or 
explosion and may not survive the required extraction processes for ignitable liq- 
uids and explosives. Depending on the nature of the sample, the fire, heat, or 
pressure wave may cause the evidence to char, or warp, or deform to a degree where 
the suppression and overhaul activities of the fire department will render it unusable 
for any forensic analysis other than for ignitable liquid or explosives residues. There 
will, however, be occasions when the scene investigator will identify evidence 
samples and submit them for additional forensic analyses as well as ignitable liquid 
residues or explosives residues analyses. The examiner needs to be able to look at 
these items and assess if other forensic disciplines may be useful. 

The initial problem faced by the fire debris or explosives examiner is that the 
sample has typically come from a scene where it has become moist and has been 
placed inside a sealed airtight container. This becomes an ideal medium for the 
growth of mold or certain bacteria which may potentially destroy or alter any 
organic-based evidence so that other forensic analyses are not possible. As with the 
other moisture-sensitive disciplines discussed earlier, one possible method of 
handling this problem is expedited analysis for ignitable liquids, followed by drying 
of the sample. 

To demonstrate the considerations and analytical flow that is possible in a lab- 
oratory, consider a standard Molotov cocktail. As discussed in Chap. 2, a Molotov 
cocktail generally consists of a breakable container, some type of wick, and igni- 
table liquid. For the sake of this example, the Molotov cocktail in question consists 
of a glass bottle with a cloth wick and an ignitable liquid. The first consideration 
that an examiner has is the appropriate examinations that can be conducted for each 
portion of the evidence. For the ignitable liquid sample, only one analysis is pos- 
sible (ignitable liquid), but for the cloth wick and the bottle, other examinations are 
possible. The cloth may have DNA and trace evidence, in addition to ignitable 
liquid analysis. Both of these examinations could be conducted after the ignitable 
liquid analysis, the former after the cloth has been dried. The bottle is potentially 
viable for latent print and DNA evidence. 
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Once the examiner has determined what examinations are possible, they can then 
consult the accompanying case information or the submitter to determine if these 
examinations are probative, or if there is a reason that they may not have been 
requested. By determining the possible examinations at the beginning of analysis, 
however, the examiner can avoid inadvertently voiding later examinations. 


11.7 Questions 


1. Discuss how heat, flame, or pressure waves could interfere with additional 
analysis of the evidence by other forensic disciplines. 

2. Discuss potential issues for other examination types when vapor-tight packaging 
for FD or e-evidence is used. 

3. How do explosives or fire debris examinations affect DNA analysis? What can 
be done to limit these effects? 

4. Why are latent prints on non-porous surfaces particularly susceptible to 
damage? 

5. An exploded pipe bomb partially wrapped in tape is submitted to the laboratory 
for examination. What can an explosives examiner do to preserve the potential 
for latent print processing? For tape comparison? 

6. Can a comparison ever unequivocally link tape from a device to a known roll of 
tape? 

7. Describe types of trace evidence that a fire debris/explosives examiner should be 

cognizant of during their examination. 

What type of DNA testing is possible from a collected hair? 

9. What are typical examinations performed by forensic engineers? What steps 
should an examiner take to preserve evidence that may be evaluated by a 
forensic engineer? 


oe 
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Appendix A 
Acronyms and Abbreviations 


2,4-DNT 2,4-Dinitrotoluene 


ABS Acrylonitrile butadiene styrene. 

AN Ammonium nitrate 

ANFO Ammonium nitrate/fuel oil 

APCI Atmospheric pressure chemical ionization 
AQAP Al-Qaeda in the Arabian Peninsula 
ASTM American Society for Testing and Materials 
ATR Attenuated total reflectance 

AWG American wire gauge 

BHA Butylated hydroxyanisole 

BHT Butylated hydroxytoluene 

C18 Octadecane 

CCD Charge-coupled detector 

CE Capillary electrophoresis 

CI Chemical ionization 

CID Collision-induced dissociation 

CPVC Chlorinated polyvinyl chloride 

CT Computed tomography 

DAD Diode array detector 

DART Direct analysis in real time 

DCDA Dicyandiamide 

DDT Supersonic detonation 

DESI Desorption electrospray ionization 
DMDNB 2,3-Dimethy]-2,3-dinitrobutane 

DPA Diphenylamine 

DWV Drainage, waste, and vent 

ECD Electron capture detector 

EDS Energy-dispersive spectroscopy 

EDXRF Energy-dispersive X-ray fluorescence 
EGDN Ethylene glycol dinitrate 
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EI Electron ionization 

EIP Extracted ion profile 

EOD Explosives ordnance disposal 

ESI Electrospray ionization 

ETN Erythritol tetranitrate 

eV Electron volt 

FA Fatty acid 

FAME Fatty acid methyl ester 

FFA Free fatty acid 

FID Flame ionization detector 

FTIR Fourier transform infrared spectroscopy 
GC Gas chromatography 

GC-ECD Gas chromatography with electron capture detector 
GC-FID Gas chromatography with flame ionization detector 
GC-MS Gas chromatography—mass spectrometry 
GSR Gunshot residue 

H Plate height 

HETP Height equivalent to theoretical plate 
HME Homemade explosive 

HMTD Hexamethylene triperoxide diamine 

HPD Heavy petroleum distillate 

HPLC High-performance liquid chromatography 
HTGC-MS High-temperature gas chromatography—mass spectrometry 
HTH Calcium hypochlorite 

IC Ion chromatography 

IC-MS Ion chromatography—mass spectrometry 
ICP-MS Inductively coupled plasma mass spectrometry 
IEC Ion exchange chromatography 

TED Improvised explosive device 

ILR Ignitable liquid residue 

ILRC Ignitable Liquid Reference Database 

IMS Ion-mobility spectrometry 

IST Ignition susceptibility test 

LC Liquid chromatography 

LC-MS Liquid chromatography—mass spectrometry 
LIMS Laboratory information system 

LPD Light petroleum distillate 

m/z Mass-to-charge ratio 

MMAN Monomethylamine nitrate 

MPD Medium petroleum distillate 

MS Mass spectrometry 

MS/MS Tandem mass spectrometry 

N Theoretical plate 

NAA Neutron activation analysis 

NAD+ Nicotinamide adenine dinucleotide 
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SEM 
SEM-EDS 
SOP 

SPE 

SPICE 
SPME 

STR 

SVO 
T/SWGFEX 


TAG 
TATP 
TEA 
TIC 
TLC 
TNT 
TOF 
tr 

UL 


Nitrocellulose 

Nondestructive testing 

National Fire Protection Association 
Nitroglycerin 

Negative ion chemical ionization 
Nitromethane 

Nuclear magnetic resonance 
Naphthenic—paraffinic products 
Nitroguanidine 

National Sanitation Foundation 
Polymer-bonded explosive 

Photodiode array 

Powder Diffraction File 
Polydimethylsiloxane 

Pentaerythritol tetranitrate 

Passive headspace concentration 

Power switch, initiator, explosive, and switch 
Polarized light microscopy 

Polynuclear aromatic 

Polyunsaturated fatty acid 

Polyvinyl alcohol 

Poly(vinyl chloride) 

Quality control 

Triple quadrupole mass analyzer 

Radio frequency voltage 

Retention factor 

Scanning electron microscope 

Scanning electron microscope—energy-dispersive spectroscopy 
Standard operating procedure 

Solid-phase extraction 

Switch, power source, initiator, container, explosive 
Solid-phase microextraction 

Short tandem repeat 

Straight run vegetable oil 

Technical and Scientific Working Group for Fire and Explosion 
Analysis 

Triacylglyceride 

Triacetone peroxide 

Chemiluminescence thermal energy analyzer 
Total ion chromatogram 

Thin-layer chromatography 

Trinitrotoluene 

Time of flight 

Retention time 

Underwriters Laboratories 
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UPLC Ultra-high-pressure liquid chromatography 
UVS Ultraviolet spectrophotometry 

vo Vegetable oil 

VOC Volatile organic compound 

VOD Velocity of detonation 

VOR Vegetable oil residue 

XRD X-ray diffraction 


XRF X-ray fluorescence 


Appendix B 
Answers to Chapter Questions 


Chapter 1 


Question 1.2 


While the characteristics for NAA in forensic analysis are quite promising, the 
technique is very expensive and impractical for a forensic laboratory. 


Question 1.3 


In a split injection, only a fraction of the gaseous sample in the inlet is injected into 
the column and the remainder is flushed out of the inlet by the split flow. In a 
splitless injection, the split flow is turned off briefly to allow most of the sample to 
enter the column. For routine analysis, split flows yield better peak shapes and 
separations by avoiding overloading the capillary column. When high sensitivity is 
required for small amounts of analyte, a splitless injection might be useful. 


Question 1.4 


(a) This is the unretained pentane solvent. 

(b) If we estimate a retention time of 18.5 min based on the data, the oven 
temperature would be 205 °C based on the temperature program. 

(c) Likely an FID or a GC-MS with an EI source. ECD would not be appropriate 
because it is insensitive to alkanes. 
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Question 1.5 


While components of the atmosphere do not absorb significantly in the UV—Vis 
region, CO, and water vapor absorb in the IR very well. The resulting high IR 
background must be accounted for through subtraction to obtain usable spectra. 


Question 1.7 


The top spectrum was acquired using negative mode CI. The base peak is the 
[M — H] peak representing the intact molecule. The bottom spectrum does not 
have the molecular ion (m/z 227) as the base peak and displays significantly more 
fragmentation. The base peak at m/z 227 represents the commonly observed 
[M — OH] ion. 


Chapter 2 


Question 2.1 


Evidence for fire debris analysis needs to be packaged in vapor-tight packaging 
such as cans, fire debris bags, or jars. 


Question 2.2 


Ignitable liquids are classified rather than brand identified because an ignitable 
liquid from a single class may be marketed and sold as different commercial 
products. 


Question 2.3 


The overall goal of a petroleum refinery is to transform crude oil into the maximum 
amount of profitable fuel using chemical and physical means. 


Question 2.4 


Ignitable liquids are classified based on chemical composition and boiling point 
range. 
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Question 2.5 


Data interpretation involves pattern recognition, in which characteristic petroleum 
patterns are noted in the data, and pattern comparison, in which the patterns are 
compared to a known ignitable liquid. 


Question 2.6 


Comparison samples are samples of household substrates that are believed to be 
free of ignitable liquids. Comparison samples may help determine if a substrate 
being examined, such as flooring or carpet, inherently contains an ignitable liquid. 


Question 2.7 


Lubricating oils are included in fire debris analysis because they are typically 
petroleum products. Vegetable oils are also included in fire debris analysis because 
they may be subjected to spontaneous heating and cause a fire. 


Question 2.8 


An incendiary device is a device that is designed to start or communicate a fire. If 
the Molotov cocktail is intact, a sample of liquid should be removed from the bottle 
for ignitable liquid analysis. The remaining liquid in the bottle can be discarded and 
the bottle dried and packaged for fingerprints and DNA. The wick of the Molotov 
may then be packaged in a can to preserve any ignitable liquids. If the Molotov 
cocktail has been deployed, the fragments of glass and wick should be packaged 
separately in vapor-tight packaging to avoid contact between the glass and the wick 
which may impact the recovery of DNA or fingerprints. 


Question 2.9 


Examiners should avoid terms like “arson” or “accelerant” because they are biasing 
and imply intent. Examiners should remain objective and unbiased. 
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Chapter 3 


Question 3.1 


Pyrolysis, combustion, and distillation. 

Pyrolysis is a chemical reaction caused by the application of thermal energy 
(heat) in the absence of oxygen where larger molecules are broken down into 
smaller ones. 

Combustion is the thermal reaction of organic compounds in the presence of 
oxygen, which under ideal conditions will produce only carbon dioxide and water; 
however, incomplete combustion results in the formation of new compounds. 
Combustion may also be thought of as “oxidative pyrolysis.” 

Distillation is the process, whereby volatile organic compounds are released or 
extracted from a material by the application of heat; for example, the release of 
various terpenes from burning softwood results from distillation. 


Question 3.2 


Monomer reversion, random chain scission, and side group scission. 


Question 3.3 


Polyethylene is a common thermoplastic used to manufacture many different types 
of materials, and so its thermal degradation products will often be encountered in 
samples of fire debris. Polyethylene undergoes random chain scission during 
pyrolysis to almost exclusively generate a homologous series of triplets typically 
over the carbon range Cg—C9 and higher. Each triplet is comprised of the diene, 
alkene, and alkane having the same number of carbon atoms where the alkene is the 
dominant product in each triplet. The homologous series of short-chain hydrocar- 
bons produced by the pyrolysis of polyethylene can not only mimic a petroleum 
distillate but, when in high concentration, easily mask the peaks from an ignitable 
liquid in a chromatogram. Recognition of the diagnostic triplet pattern produced by 
thermal degradation of polyethylene will prevent misidentification of these degra- 
dation products as a petroleum distillate. The use of extracted ion profiles will 
assist in confirming the presence of an underlying ignitable liquid if the total 
ion chromatogram is dominated (masked) by the degradation products of 
polyethylene. 
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Question 3.4 


The combustion of body tissue is often limited to the exterior surface which is 
predominantly subcutaneous fat. 


Question 3.5 


The main pyrolysis/combustion products from fat are a homologous series of 
n-alkanes (C9-C13), n-alkenes (C7—C13), and n-aldehydes (C5—C10), plus some 
dienes (C10-C12). 


Question 3.6 


Residual solvents (ignitable liquid) may be present as part of the manufacturing 
process and subsequently detected during routine fire debris analysis. Not all 
ignitable liquids found in a sample necessarily indicate that an ignitable liquid was 
brought to the scene by an arsonist. For example, a medium petroleum distillate 
may be indigenous to the scene if the fire debris sample was a piece of wood from a 
recently stained deck, or the presence of toluene in a pair of running shoes from the 
suspect is likely from the adhesive used at the factory to glue the shoe together. 


Question 3.7 


Three examples from the text are provided: 


1. Residual solvent used in the manufacture of vinyl sheet flooring has been 
reported to contain either an isoparaffinic (i.e., Isopar H®) or a normal paraffinic 
(Norpar®) solvent. 

2. Aftermarket products applied by consumers may also result in residual solvent 
being present at a fire scene. For example, exterior waterproofing products, or 
“sealers,” applied to concrete or wood will have detectable amounts of carrier 
solvent—in this case a medium petroleum distillate—for up to one month after 
application. 

3. Solvents used in coatings designed for interior application, such as wood floor 
stain or polyurethane sealer, may persist for much longer periods of time. 


346 Appendix B: Answers to Chapter Questions 


Chapter 4 


Question 4.1 


True. 


Question 4.2 


No. Only drying oils can form hard films, which makes them valuable additives for 
stains, surface oils, and printing inks. 


Question 4.3 


No. Autoignition is where radiant heat of surrounding objects causes a material to 
rise in temperature to the point where it catches on fire. Spontaneous ignition is 
where the self-heating properties of a material cause the support medium to 
autoignite. 


Question 4.4 


No. The boiling points of FAs are too high to allow for efficient recovery using 
passive headspace. Biodiesel, on the other hand, has derivatized FAs that are more 
volatile and therefore can be recovered by passive headspace concentration. 


Question 4.5 


Base-catalyzed transesterification is the most common method for creating FAMEs. 


Question 4.6 


Animal fats, vegetable oils, used/recycled oils, and microorganisms such as algae, 
fungi, bacteria, molds, and yeasts. 
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Question 4.7 


No. Ethanol elutes before most solvents. When used to analyze E85 liquids, only 
the gasoline portion will be detectable. 


Chapter 5 


Question 5.1 


Source of crude oil, petroleum-refining processes, distribution system, comingling 
at storage site, and blending to meet product specifications. 


Question 5.2 


Oxygenated solvents and miscellaneous. 


Question 5.3 


The criteria for oxygenated solvents require the presence of a major oxygenated 
compound only and may include many other types of compounds. Miscellaneous 
ignitable liquids do not meet the requirements of the other classes and are a kind of 
catchall. 


Question 5.4 


Branched alkanes, normal alkanes, and aromatic compounds. 


Question 5.5 


Normal alkane products. 


Question 5.6 


Chromatographic patterns are simple with good peak resolution in the light carbon 
range, but become more complex with less peak resolution as the carbon range 
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increases. There are more branched compounds to detect in the higher carbon 
ranges, which are not easily resolved. Both classes of ignitable liquids meet the 
broad specifications of the product. 


Question 5.7 


Alkane compounds are the most variable components of gasoline, as displayed in 
the wide range of alkane EIP responses. 


Question 5.8 


If the specification sheet for a given product does not have a chemical composition 
component, the chemical composition can vary. For instance, a product to be mar- 
keted as a brush cleaner may have on its specification sheet that the product be 
comprised of 90% petroleum product and 10% oxygenate with a flash point over 
105 °F. The “petroleum product” content can be satisfied by either a (flash point) 
appropriate distillate, dearomatized distillate, isoparaffinic product, naphthenic— 
paraffinic product, aromatic product or a normal alkane product. Similarly, the 
oxygenate content can be satisfied with carbitol, butyl carbitol, a blend of carbitols, 
or a wide range of other oxygenated chemicals. If the specification sheet is specific as 
to the type of petroleum product (e.g., isoparaffinic product), then there will be less 
batch to batch variability in the product (both chemically and performance base). 


Chapter 6 


Question 6.1 


Soil, wet and molding debris, any substrate with an adequate microbial community. 


Question 6.2 


Evidence handling: If sample descriptions on the intake forms indicate soil samples, 
the examiner should make sure that the evidence is kept cold and increase the 
priority of the case to make sure it is examined quickly before further degradation 
can occur. Data analysis: If a pattern does not look quite right, but only a particular 
type of compound is absent (i.e., n-alkanes), the examiner may be able to compare 
to a degraded sample or use a comparison sample. This may allow identification of 
an otherwise non-identifiable pattern. 
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Question 6.3 


Compounds: Normal alkanes and monosubstituted aromatics. Classes: Gasoline, 
petroleum distillates. 


Question 6.4 


Chill/freeze: Simplest and effective at slowing degradation; it requires refrigerator/ 
freezer space, quick and correct storage on collection, and ingenuity when no space 
is available. 

Oxygen-absorbing pouches: Also simple and potentially effective; not exten- 
sively studied yet; and potential for contamination since something is being added to 
the evidence; it requires that enough pouches are available for each item being taken. 

Triclosan kills microbes rather than simply slowing metabolism; is effective; and 
requires large volumes of pre-made solution that must be carried to scenes or applied 
quickly on return, potential for contamination since something is being added to the 
evidence, potential for can rusting due to extensive moisture within container. 


Question 6.5 


Weathering: Evaporation, which results in losses based on volatility. Intra-group 
ratios largely maintained. 


Microbial degradation: Metabolism of certain classes of compounds based on 
microbial consumption, with loss of intra-group ratios. 


Chapter 7 


Question 7.1 


An intact explosive can be thought of as unreacted energetic material, e.g., an intact 
stick of dynamite or the contents of an unfired firework. The characteristic appear- 
ance will not have changed significantly, and the original ingredients will be present. 


Question 7.2 


Low explosives are usually a mixture of an oxidizer and a fuel that deflagrate when 
initiated, meaning that the reaction through the substance occurs at a rate less than 
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the speed of sound in the unreacted material. Examples of low explosives are black 
powder and smokeless powder. 


Question 7.3 


Black powder contains potassium nitrate, charcoal, and sulfur. Carry out a burn test; 
the powder should burn quickly with a yellow/lilac flame with lots of smoke 
generation. Identify the elements N, O, S, and C by SEM-EDS. Potassium nitrate 
and sulfur can be confirmed by XRD. Confirm the presence of sulfur using Raman 
or a chemical spot test. 


Question 7.4 


The principal component of all smokeless powders is nitrocellulose. Single-base 
smokeless powder contains nitrocellulose (NC); double base contains NC and 
nitroglycerin (NG); triple base contains NC, NG, and nitroguanidine (NQ). 


Question 7.5 


Analyze by FTIR and XRD for potassium perchlorate. XRD, SEM-EDS, Raman, or 
chemical spot tests will show the presence of sulfur. XRD, XRF, or SEM-EDS will 
identify the aluminum. The mixture is called flash powder. 


Question 7.6 


The three categories are primary, secondary, and tertiary high explosives. Primary 
explosives initiate easily without much stimuli, for example lead azide and HMTD. 
Secondary explosives including composition C4 and dynamite require a shock 
wave from a detonator to initiate. Tertiary explosives such as ANFO and emulsions 
usually require a shock wave from a detonator and a booster charge to initiate. 


Question 7.7 


Molecular high explosives are single molecules that contain their oxidizer and fuel 
chemically bound in one molecule. See Fig. 7.7 for example structures. 
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Question 7.8 


Dynamites can be packaged in polyethylene evidence bags or glass vials. 
Dynamites that require vapor sampling should be submitted in vapor-tight pack- 
aging such as a nylon bag. 


Question 7.9 


Presumptive tests do not yield a conclusive identification of a material. They give 
an indication only but can help direct the examiner along the most appropriate 
analysis path. The most commonly used are the burn test (also known as ignition 
susceptibility test) and chemical spot tests. 


Question 7.10 


The characteristic appearance including morphology, color, shape, and texture and 
the presence of nitrocellulose are sufficient to identify a powder as smokeless 
powder. 


Question 7.11 


The FTIR spectra of NC and NG are similar and can make it difficult to identify 
both components in a single spectrum. They can be isolated by liquid—liquid 
extraction and then analyzed and identified separately by FTIR. Nitrocellulose is 
soluble in acetone but not dichloromethane, and nitroglycerin is soluble in both. As 
such, a dichloromethane rinse of a dissolved and re-solidified smokeless powder 
particle can effectively separate the two components. 


Question 7.12 


The material will have the characteristic appearance of an emulsion explosive, a 
dense material with the consistency of “cream cheese,” when compared with 
photographs or the laboratory reference collection of explosives. A microscopic 
examination should reveal the presence of suspended white particles (nitrate oxi- 
dizer) throughout the material. A sausage shape to the intact material may also be an 
indicator. With some or all of these physical features, the examiner will conclude 
that it is likely an emulsion explosive. The suspected emulsion can then be dif- 
ferentiated from water gels and slurries by chemical analysis. The most useful 
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techniques available in this particular laboratory are XRD, FTIR, and SEM-EDX 
that can be used to identify the major components suspended ammonium nitrate 


(and/or sodium nitrate) in powder or prill form and various fuels (e.g., metal flakes) 
and sensitizers (e.g., microballoons). 


Chapter 8 


Question 8.1 


e Clothing and gloves must be changed before sampling other post-blast or search 
scenes. 

e Collection tools such as tweezers, shovels, and brushes should be disposable or 
cleaned between items gathered. 

e Unused swabbing material from the same lot or batch used for evidence col- 
lection should be packaged on scene and submitted as control samples in similar 
packaging. If a solvent is used to wet the swab material before collection, the 
control swab should be treated in a similar fashion. 


Question 8.2 


SEM-EDS and XRD. 


Question 8.3 


Method blanks and control samples allow the examiner to monitor for possible 
contamination and inherent ions from supplies used during the preparation of 
extracts. 


Question 8.4 


DNT or TNT. 


Question 8.5 


Post-combustion black powder. 
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Question 8.6 


Acetone and dichloromethane. 


Question 8.7 


Any retained water extract can be analyzed using IC-MS. 


Question 8.8 


To determine whether the products present in the data are indicative of an explo- 
sive, particularly for potential inorganic explosives. 


Chapter 9 


Question 9.1 


Power source (9V battery), conductor (wire), load (detonator), switch (push button 
switch). 


Question 9.2 


Segregation, recognition, identification, function determination, comparison. 


Question 9.3 


Backpack for concealment, and screws or propane bottle for enhancement. 


Question 9.4 


No. Device analysis does not typically lend itself to definitive associations. The 
most that can be said is componentry that was found consistent with components 
used in the explosive device. 
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Chapter 10 


Question 10.1 


Cross-disciplinary cases are considered to be those that require examinations in 
multiple disciplines. For the purposes of this chapter, it will refer to evidence 
needing both ignitable liquid and explosive testing. 


Question 10.2 


A few examples include: ammonium nitrate and fuel oil (ANFO), ammonium 
nitrate and nitromethane, ammonium nitrate and nitrobenzene, potassium chlorate 
and mineral oil. 


Question 10.3 


Incendiary mixtures are materials that will cause a fire or a thermal event instead of 
an explosion. 


Question 10.4 


A hypergolic mixture consists of two or more materials that will ignite when mixed 
without an external ignition source. Examples include brake fluid and pool chlo- 
rinator; potassium permanganate and glycerin; and potassium chlorate, sugar, and 
sulfuric acid. 


Question 10.5 


Acceptable answers include (but are not limited to): 

Exhibit 1 contained residues indicative of a mixture of chlorate, sulfuric acid, 
and sucrose. 

Sulfate ions, chlorate ions, and sucrose were identified in Exhibit 1, which is 
consistent with a mixture of sulfuric acid, chlorate, and sugar. 


Question 10.6 


The first step would be to perform passive headspace concentration to determine if 
ignitable liquids or organic high explosives are present. Following this analysis, the 
evidence should be visually examined for potential explosive damage and residue. 
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Question 10.7 


Potassium chloride and strontium carbonate are indicative of residues from a 
post-burn road flare. 


Question 10.8 


Instrumental methods that provide an identification of compounds, as opposed to 
ions or elements only, are preferable, since ions or elements alone may not be able 
to provide information on the original configuration of the compound. 


Chapter 11 


Question 11.1 


Flames and pressure waves generally can (DNA, fingerprints, trace) or degrade it 
(toolmarks, depending on substrate, consume/melt wiring). 


Question 11.2 


Possible degradation of DNA; FD bags can cause rubbing of smooth surfaces, 
losing latent prints; ferrous tools can rust, potentially degrading the tool for later 
toolmark analysis. 


Question 11.3 


Solvent extracts can rinse away DNA; excessive handling can remove or introduce 
DNA; headspace techniques for FD can be used to avoid this, careful handling to 
avoid potential DNA-rich sites, pre-swabbing when possible. 


Question 11.4 


Latent prints on non-porous surfaces are susceptible to damage because they are 
resting on the surface of the item, instead of being absorbed into it. 
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Question 11.5 


The item should be minimally handled in areas not expected to have been handled, 
with care taken not to handle the tape. A sample of the tape should be preserved 
before latent print processing, if possible, to preserve the ends for comparison. 


Question 11.6 


If the ends are compared and physically fit, then an unequivocal link can be made. 


Question 11.7 


Hairs, fibers (depending on the substrate), tape, etc. 


Question 11.8 


mtDNA if no root or a root with no tissue, and nDNA if a root with tissue attached. 


Question 11.9 


Examination of wiring/appliances to see if energized at the time of the fire, fire 
modeling/timeline development, and ignition scenario testing, and to preserve 
wiring, minimal handling when possible, and careful documentation. 


